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Preface 


This  volume  is  a  collection  of  papers  that  were  presented  at  the  fourth  Picosecond  Electronics  and 
Optoelectronics  Topical  Meeting  of  the  Optical  Society  of  America.  The  purpose  of  this  topical 
meeting,  since  its  inception  in  1985,  has  been  to  foster  greater  interaction  between  those  segments 
of  the  electronics  and  optics  communities  that  have  been  pushing  the  frontiers  toward  ever  higher 
speeds.  The  following  pages  reveal  some  of  the  successful  results  of  these  efforts.  This  preface  is 
meant  to  serve  as  an  introduction  and  summary  of  the  meeting  and  as  a  guide  to  these  proceedings. 

Chapter  I  summarizes  the  state  of  the  art  in  the  relatively  new  field  studying  the  generation  and 
propagation  of  electromagnetic  pulses  with  terahertz  bandwidths.  These  pulses  have  significant 
implications  for  far-infrared  spectroscopy  and  fundamental  materials  studies. 

Chapter  II  contains  recent  advances  in  techniques  used  for  ultrafast  optoelectronics.  This  includes 
the  measurement  of  picosecond  pulse  propagation  in  one  and  two  dimensions. 

Chapter  ID  describes  the  sensing  of  rapidly  varying  electric  fields  by  picosecond  optical  pulses. 
These  techniques  exploit  the  dependence  of  the  index  of  refraction,  and  hence  the  optical  path  length, 
on  electric  field.  For  GaAs,  the  electric  fields  in  the  substrate  can  be  probed  directly,  but  some 
techniques  move  nonlinear  material  in  to  sample  the  fields. 

Chapter  IV  covers  improvements  in  the  ultrafast  detectors  needed  for  high-speed  optical 
communication.  The  emphasis  is  on  speed  as  well  as  quantum  efficiency. 

Chapter  V  contains  several  papers  on  high-speed  electronic  devices.  The  fastest  transistors  are 
presented,  both  those  based  on  silicon  as  well  as  HI-V  devices,  and  some  unique  applications  of 
fast,  two-terminal  devices  are  also  discussed. 

Chapter  VI  concentrates  on  the  measurement  of  performance  of  millimeter-wave  circuits  using 
optical  sampling  techniques.  These  techniques  achieve  in  the  time  domain  what  is  traditionally 
accomplished  at  lower  frequencies  in  the  frequency  domain. 

Chapter  VII  m ports  advances  in  the  technology  of  ultrafast  lasers.  Short,  well-controlled  pulses 
are  needed  for  optical  communications,  and  one  paper  describes  a  mode-locked  laser  with  up  to  a 
350-GHz  repetition  rate. 

In  Chapter  VTH  papers  on  tunneling  and  resonant  tunneling  are  presented.  Charge  storage  in  the 
well  of  a  resonant-tunneling  diode  has  been  measured,  and  tunneling  between  two  wells  coupled 
by  a  tunneling  barrier  is  examined  in  several  papers. 

Chapter  IX  collects  all  the  papers  with  a  strong  emphasis  on  materials  development.  Devices 
that  use  strained  layers,  gallium  arsenide  grown  by  molecular  beam  epitaxy  at  low  temperatures, 
and  nonlinear  materials  are  examined. 

Finally,  Chapter  X  contains  digest  summaries  from  those  authors  who  did  not  wish  to  write  an 
extended  paper  for  this  proceedings  volume. 


We  would  especially  like  to  thank  the  Air  Force  Office  of  Scientific  Research  and  the  National 
Science  Foundation  for  their  generous  support  of  this  meeting.  The  advice  of  the  Technical  Program 
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Abstract 

We  describe  a  novel  optoelectronic  technique  to 
generate  and  detect  THz  electromagnetic  waves 
by  using  large-aperture  planar  photoconducting 
antennas  and  antenna  arrays.  This  approach  is 
an  effective  method  of  producing  directional  and 
steerable  sub-millimeter  wave  pulses. 


1.  Introduction 

Various  approaches  have  been  used  for 
generating  and  detecting  ultrafast 
electromagnetic  pulses  [1].  These  include 
elementary  Hertzian  dipoles,  resonant  dipoles, 
tapered  antennas,  transmission  lines  [2-5]. 
Large-aperture  photoconducting  antennas 
developed  recently  provide  an  alternative  source 
to  generate  and  detect  directional  submillimeter 
electromagnetic  pulses  with  a  terahertz 
bandwidth  [6,7], 

The  physical  mechanism  for  the  generation  of 
subpicosecond  electromagnetic  pulses  from  large 
aperture  photoconducting  antennas  is  the 
radiation  from  a  fast  time  varying  photocurrent. 
By  large  aperture,  we  mean  one  whose  transverse 
dimensions  are  large  relative  to  the  spatial 
duration  of  the  submillimeter-wave  pulse.  The 
technique  is  based  on  the  following  concept. 
When  illuminated  by  ultrashort  optical  pulses, 
as  shown  in  Figure  1,  a  large  aperture  planar 
photoconductor  produces  a  transient  current.  The 
current  pulse  sweeps  across  the  photoconductor 
and  radiates  a  directional  electromagnetic  pulse 


which  can  be  steered  by  varying  the  angle  of 
incidence  of  the  optical  beam  [1],  The 
submillimeter-wave  radiates  in  both  the  forward 
and  backward  directions  (0i  and  02).  If  the  angle 
of  incidence  of  the  optical  pulse  is  0Op,  the  angles 
of  the  radiated  electromagnetic  pulses  satisfy  the 
generalized  Fresnel's  law  equations: 

n  i  (coop )  sin  0op  =  n  j  (coe] )  sin  0j 

,  v  .  0  (1.1) 

=  n2(ft>ei)sin02 

where  ni(co0p),  ni(a>el),  are  the  indices  of 
refraction  of  the  optical  and  electromagnetic 
pulses  outside  the  photoconductor,  and  n2(ooei)  is 
the  index  of  refraction  of  the  electrical  pulse  in 
the  photoconductor.  If  ni(a>0p)  =  ni(o)ei)=l,  as  is 
true  for  the  case  where  air  is  medium  1,  the  angle 
of  the  backward  radiated  electromagnetic  pulse 
is  equal  to  the  angle  of  the  incident  optical  pulse. 
Since  the  aperture  size  of  the  photoconductor  is 
larger  than  the  spatial  pulse  duration  of  the 
electromagnetic  radiation,  the  electromagnetic 
wave  is  directional  and  diffraction-limited. 

We  can  estimate  the  behavior  of  the  electric 


2 


Picosecond  Electronics  and  Optoelectronics 


3 


Incident 
Optical  Pulse 


Backward 
Electromagnetic 
0  .silk  Pulse 


Forward 

Electromagnetic 

Pulse 


Figure  1 

field  by  the  following  arguments.  Near  the 
transmitter,  we  expect  the  field  to  be 
approximated  by  a  plane  wave  whose  amplitude 
can  be  derived  by  simple  boundary  value 
conditions  at  the  surface  of  the  photoconductor. 
This  gives  us  the  following  approximate 
expression  for  the  electric  field  close  to  the 
transmitter  (TM  polarization  of  the  radiated 
pulse): 


E  =  -Eb 


ggTlo 

COS0Op 


+ 


1 

. .  4* 

cos  0Op 


cos  02 


(1.2) 


where  Eb  is  the  bias  field,  Ho  is  the  characteristic 
impedance  of  free  space,  e  is  the  dielectric 
constant  of  the  photoconductor,  and  <ys  is  the 
surface  photoconductivity,  given  by  the 
expression: 


_  ep(l  -  R)cos0op 

<*s(t) - 7 -  J  dt lop 


(t')e-(t-t)/Tr  (1.3) 


where  p.  is  the  carrier  mobility  of  the 
photoconductor,  R  is  the  optical  reflectivity,  too  is 
the  photon  energy,  Iop  is  the  incident  optical 
intensity  and  tr  is  photocarrier  decay  time.  From 
expressions  (1.2),  we  see  that  at  low  optical 
excitations,  the  electric  field  is  proportional  to  the 
incident  optical  intensity.  Note,  however,  that  its 
sign  is  opposite  to  the  applied  bias  field. 


2.  Generation  and  Detection 
A  number  of  semiconductor  materials, 
including  InP,  GaAs,  CdTe,  polysilicon  and 
radiation-damaged  silicon-on-sapphire  were 
evaluated,  for  use  as  large  aperture 
photoconductors  to  generate  submillimeter-wavs. 
They  were  chosen  because  all  have  strong 
absorption  at  the  wavelength  of  our  femtosecond 
laser  (625  nm)  and  high  dark  resistivities.  The 


later  requirement  was  necessary  to  hold  off  the 
high  electric  field  used  to  bias  them.  Electrode 
spacings  varying  from  2  to  10  mm  and  voltages 
ranging  from  100  to  3000  Volts  were  used. 

The  source  of  optical  pulses  in  our 
experiments  was  a  balanced  colliding  pulse, 
mode-locked  rhodamine  6G  dye  laser,  The  pulse 
duration  was  75  fs  and  the  wavelength  was  625 
nm.  Approximately  10  mW  of  average  optical 
power  was  used  for  the  pump  beam  and  5  mW  for 
the  probe  beam.  The  pump  beam  was  used  to 
illuminate  the  large  area  transmitting  antenna 
with  a  defocused  Gaussian  beam  which  had  a  1/e 
beam  diameter  comparable  to  the  electrode 
spacing  of  the  photoconductor. 

The  radiated  field  was  detected  with  a 
photoconducting  dipole  antenna.  It  consisted  of  a 
100  pm  dipole  having  a  radiation-damaged 
silicon-on-sapphire  photoconductor  at  its  feed 
point.  A  3.2  mm  sapphire  ball  lens  was  placed 
over  the  dipole  to  improve  its  collection 
efficiency.  The  small  size  and  high  speed  of  the 
detecting  antenna  permitted  its  use  as  a  movable 
probe  to  measure  both  the  temporal  and  spatial 
distribution  of  the  radiation  field  of  the  large 
aperture  photoconductors.  Due  to  its  small  size, 
the  dipole  antenna  could  also  be  scanned  in  space 
to  measure  the  spatial  distribution  of  the  field. 

The  field  strength  as  a  function  of  time  was 
obtained  by  recording  the  gated  output  current 
from  the  dipole  detector  while  varying  the 
relative  time  delay  between  the  pump  pulses 
which  illuminated  the  large  aperture  antenna 
and  the  probe  pulse  which  gated  the  detector.  The 
current  signal  from  the  detector  was  amplified 
and  digitized  by  a  lock-in  amplifier  and  a 
computer. 

The  amplitude  of  the  radiated  electromagnetic 
waves  at  far  field  is  proportional  to  the  first  time 
derivative  of  the  photocurrent  in  the 
photoconductor.  If  the  fall-time  of  the 
photocurrent  is  much  longer  than  the  rise-time, 
the  rise-time  is  found  to  be  more  important  than 
the  fall-time  in  determining  the  relative 
sensitivity  of  photoconducting  materials[7]. 
Indium  phosphide  is  found  to  be  more  sensitive 
than  the  other  semiconductors  used. 

Figure.  2  shows  the  detected  electric  field 
waveform  from  an  InP  planar  photoconductor 
having  an  electrode  spacing  of  10  mm.  This 
waveform  was  measured  in  the  far  field  using  a 
5  cm  focal  length  fused  silica  lens  to  focus  the 
electromagnetic  pulse  onto  the  dipole  detector 
which  was  aligned  in  the  specular  direction  of  the 
emitted  radiation.  The  radiated  electric  field 
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was  found  to  be  linearly  proportional  to  the  bias 
voltage  and  optical  power.  The  observed 
waveform  was  strongly  influenced  by  the 
response  of  the  dipole  detector  and  does  not 
correspond  to  the  true  electric  field  waveform. 
The  waveforms  generated  by  the  other 
photoconducting  materials  were  similar, 
suggesting  that  in  each  case,  the  true  waveform  is 
substantially  shorter,  and  that  we  are  measuring 
the  impulse  response  of  the  detector  in  each  case. 
What  was  surprising  is  that  the  relatively  "slow" 
material,  Indium  phosphide  produced  a  signal 
that  was  comparable  in  speed  to  the  radiation- 
damaged  silicon-on-sapphire  sample,  and  was 
almost  10  times  larger.  The  relative  sensitivities 
(normalized  to  silicon-on-sapphire)  of  the  other 
materials  ranged  from  0.2  (polysilicon)  to  7.5 
(semi-insulating  GaAs:Cr). 

The  electric  field  radiated  by  the  each  antenna 
was  probed  in  the  transverse  direction  to  measure 
its  directionality.  This  was  achieved  by 
scanning  the  dipole  detector  in  the  far  field  of  the 
large  aperture  photoconductor  and  recording  the 
time  domain  waveform  for  each  angle.  An 
example  of  the  angular  variation  of  the  radiated 
signal  is  plotted  in  Figure  3.  This  shows  the 
variation  of  the  peak  amplitude  of  the  radiated 
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signal  from  a  10  mm  InP  antenna.  The  data  was 
taken  at  a  distance  of  16  cm  between  the 
transmitter  and  the  detector.  In  this  case,  no  lens 
was  used.  The  radiated  field  had  a  beam-width 
that  measured  only  6°  at  the  3  db  points.  The 
maximum  signal  was  observed  at  an  angle 
corresponding  to  the  specular  reflection  of  the 
optical  beam,  which  was  at  30°  relative  to  the 
normal.  The  pulse  width  was  observed  to  broaden 
off  axis,  and  became  more  flat-topped  as  the 
angle  increased,  consistent  with  a  theoretical 
model  of  the  radiation  field. 
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Figure  3. 


The  large  aperture  photoconducting  antennas 
show  power  scaling  and  saturation  properties  [8], 
At  high  optical  fluences,  the  radiated  electric 
field  (near  field)  saturates  at  a  value  comparable 
to  the  bias  field. 

At  normal  incidence,  the  radiation  field  (near 
field)  from  equation  (1.2)  can  be  rewritten  as: 

E--Eb - ^TT-TT  (3.1) 

With  the  increase  of  the  optical  power,  the  number 
of  the  photocarriers  increases,  causing  an 
increase  of  the  surface  conductivity  ct8  (equation 
1.3).  When  the  surface  photoconductivity  o8 
becomes  comparable  to  the  radiation  admittance 
of  the  antenna,  the  radiated  near  field  E  is 
expected  to  saturate  at  a  value  comparable  to  the 
applied  bias  field  E^.  Therefore  we  have  the 
equation 

4™-E~Eb  (3.2) 

Figure  4  shows  the  Experimental  setup  for  the 
study  of  the  saturation  behavior  in  the  GaAs 


emitter.  The  source  of  the  optical  pulses  is  a 
balanced  colliding  pulse,  mode-locked  ring  dye 
laser  amplified  by  a  copper  vapor  laser  pumped 
amplifier.  It  provides  a  pulse  energy  of  a  few 
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microjoule  at  a  repetition  rate  of  8  kHz  and  a  70  fs 
pulse  duration  at  a  center  wavelength  of  625  nm. 
The  GaAs  emitter  has  a  photoconducting  gap  of  1 
mm.  A  0.5  mm  gap  radiation-damaged  silicon- 
on-sapphire  detector  placed  10  mm  from  the 
emitter  with  a  maximum  optical  excitation 
fluence  400  pJ/cm2. 

When  the  surface  photoconductivity  becomes 
greater  than  the  reciprocal  of  the  radiation 
resistance  which  requires  approximately  1 
m«J/cm2  optical  energy  density,  we  expect  the 
peak  electric  field  amplitude  of  the 
submillimeter  pulse  in  the  near  field  to  saturate 
at  a  value  comparable  to  the  bias  field. 

Figure  5  shows  the  experimental  data  of  the 
radiated  electric  field  from  the  GaAs  emitter  as  a 
function  of  pump  optical  fluence  at  2000  V/cm 
bias  field.  When  the  divergence  and  Fresnel 
losses  are  considered,  the  radiated  field  is 
estimated  to  be  1750  V/cm,  close  to  the  bias  field  of 
2000  V/cm.  We  have  also  observed  similar 
saturation  properties  from  InP  and  CdTe 
photoconductors. 

Because  the  depolarization  field  due  to  the 
charge  distribution  builds  up  at  a  later  time  scale, 
the  model  used  here  does  not  include  the 
contribution  of  the  space  charge  effect.  For  a 
detail  analysis  of  the  radiation,  the  space  charge 
contribution  should  be  considered. 

With  appropriate  power  scaling,  it  should  be 
possible  to  generate  electromagnetic  pulses  with 
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peak  powers  up  1  GW  and  local  electric  fields 
greater  than  10  MV/cm.  Figure  6  schematically 
illustrates  the  experimental  set  up  for  the 
generation  of  very  high  electromagnetic  fields. 
Two  off-axis  parabolic  mirrors  are  used  to  collect 
the  radiation  and  to  focus  the  radiation  to  the 
detector.  If  the  emitter  area  is  100  cm2  with  a 
pulsed  bias  field  of  100  KV/cm,  the  radiated  power 
from  the  emitter  is  over  1  GW.  Assuming  the 
radiation  is  focused  to  1  mm2,  the  local  electric 
field  can  be  as  high  as  10  MV/cm.  Such  field 
strength  can  be  used  for  the  study  of  nonlinear 
properties  of  the  dielectric  materials  at 
submillimeter  wave  region. 

parabolic  mirrors 


Figure  6. 


4  Antenna  Arrays 

The  concept  of  a  single  photoconducting  antenna 
can  be  easily  extended  to  an  antennas  array 
[9,10].  The  direction  of  the  emitted  radiation  from 
the  array  can  be  electrically  controlled  by 
varying  the  static  bias  applied  to  the  individual 
antenna  elements. 

The  array  of  photoconducting  antennas  is 
created  by  a  pattern  of  parallel  electrodes,  each 
independently  biased,  on  a  semi-insulating 
GaAs  substrate  as  illustrated  in  Figure  7.  By 
setting  the  bias  voltage  on  the  electrodes 
appropriately,  the  amplitude  of  the  photocurrent 
between  every  two  adjacent  electrodes  can  be 
controlled.  When  an  optical  pump  pulse 
illuminates  the  structure,  each  current  element 
acts  roughly  like  a  short  dipole  antenna.  The  far- 
field  pattern  of  the  array  can  be  calculated 
according  to  conventional  antenna  theory  and  is 
given  by  the  approximate  expression: 


(4.1) 


-In(Q)e 


-inKdsin0 
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where  A  is  the  optically  illuminated  area  of  the 
array,  0  is  the  angle  defined  from  the  array 
normal  as  in  Figure  8,  r  is  the  radial  distance,  N 
is  the  number  of  electrodes  under  the 
illumination,  Vn  is  the  bias  voltage  on  the  nth 
electrode,  d  is  the  spacing  between  the 
photoconductor  elements,  ln(Q)  is  the  optical 
intensity  at  the  nth  electrode,  modulated  at  the 
microwave  frequency  £2,  and  K  is  the  microwave 
free  space  propagation  constant.  If  the  strengths 
of  the  static  bias  voltage  on  each  antenna  element 
are  made  to  vary  periodically  with  respect  to  one 
another,  the  array  will  act  like  an  amplitude 
grating,  steering  the  beam  in  a  direction  which 
can  be  controlled  by  varying  the  bias  period. 
Specifically,  if  the  static  bias  voltages  vary 
sinusoidally  in  space,  with  period  A^ias.  as: 

E 

vn  =  ~  cos(nKd  +  <J>)  (4.2) 


Figure  7. 

where  E0  is  the  maximum  static  field  between 
adjacent  electrodes,  k  =  (2n/Abias)>  ♦  is  the  phase 
which  can  be  set  to  zero  and  the  optical  intensity  is 
uniform,  then  the  radiated  signal  in  the  far-field 
can  be  approximated  by  the  expression: 


E(9) «  cos0 


ApeE0l(£2) 

o 

4tc€0c  rft© 


sin  I 

Nd(ic  ±  KsinO)' 

.  2  ) 

sin 

(  d(K  ±  KsinO)) 

l  2  J 

(4.3) 


where  K  is  the  microwave  free  space  propagation 
constant,  which  can  be  written  as  K=(2nA.)  where 
\  is  the  center  wavelength  of  the  radiation.  Four 
main  lobes  are  expected,  one  pair  inside  and  one 
pair  outside  the  semiconductor.  In  free  space,  the 
maxima  are  at  angles  where  sin0=±x/K.  Clearly, 
by  varying  the  periodicity  of  the  voltage  bias,  the 
emission  angle  of  these  lobes  can  be  steered 
continuously  over  a  range  from  zero  to  nearly 


±rc/2.  The  concept  is  illustrated  in  Figure  8. 

Ideally,  the  temporal  modulation  on  the  optical 
illumination  should  be  sinusoidal  at  the 
frequency  of  the  emitted  radiation.  To 
approximate  this  condition,  we  have  used  a  train 
of  ultrashort  optical  pulses  spaced  by  2  ps  to 
produce  a  burst  at  500  GHz.  A  dual-jet,  hybrid 
mode-locked  dye  laser,  synchronously  pumped  at 
78  MHz  by  a  frequency-doubled  YLF  laser 
(Coherent  Antares-Satori  system),  generated 
optical  pulses  at  640  nm  with  a  duration  of 
approximately  150  femtoseconds.  The  unfocussed 
beam,  having  a  Gaussian  profile  3  mm  wide  and 
an  average  power  of  130  mW,  was  used  to 
illuminate  the  antenna  array.  A  train  of  four 
optical  pulses  of  equal  intensity,  each  spaced  2 
psec  apart,  was  generated  by  passing  a  single 
optical  pulse  through  two  calcite  crystals  having 
birefringent  delays  of  two  and  four  picoseconds. 


optical  pulse  train 
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Figure  8 

The  antenna  array  used  in  our  experiments 
(figure  7)  consisted  of  32  parallel  electrodes,  each 
2  mm  long  and  25  microns  wide,  spaced  100 
microns  apart  center  to  center.  The  electrodes, 
on  a  semi-insulating  GaAs  substrate,  were  made 
of  gold  germanium  with  a  top  layer  of  pure  gold  to 
facilitate  wire  bonding,  giving  a  total  thickness 
of  about  2000  angstroms.  The  electrodes  in  the 
array  were  biased  sinusoidally  with  respect  to 
one  another,  as  shown  in  figure  8,  using  slide 
potentiometers  so  that  the  bias  period  could  be 
easily  varied.  The  voltages  were  scaled  so  that 
the  maximum  E  field  between  elements  was  kept 
constant  at  1.25  kV/cm  for  all  bias  periods, 
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ensuring  that  the  amplitude  of  the  emitted 
radiation  was  constant.  Due  to  the  relatively  low 
transient  mobility  of  this  material,  we  expect  the 
photocurrent  to  be  proportional  to  the  product  of  the 
applied  field  and  the  absorbed  optical  flux. 


Time  Delay  (ps) 

Figure  9. 

The  detected  waveform  at  an  angle  of  45 
degrees  off  normal  and  3  cm  from  the  array  is 
shown  in  Figure  9.  The  periodicity  of  the  voltage 
bias  in  this  case  was  adjusted  to  be  0.9  mm  to 
produce  a  maximum  signal  in  the  direction  of  the 
detector  (equation  4.3).  The  500  GHz  burst  is 
clearly  resolved.  Because  the  radiation  from 
different  antenna  elements  experiences 
different  delay  times,  the  emitted  pulse  train  is 
broadened  in  time  with  respect  to  the  optical  pulse 
train. 


Bias  Period  (mm) 

Figure  10. 

To  test  the  steerable  property  of  the  array,  the 
detector  was  kept  fixed  at  45°  and  the  periodicity 
of  the  voltage  bias  was  varied  to  sweep  the  angle 
of  the  emitted  beam  across  the  detector.  The  bias 
voltage  amplitude  was  changed  with  period  to 
maintain  a  constant  maximum  electric  field,  as 
in  equation  4.2.  The  time  traces  obtained  for  each 
bias  period  were  fourier  transformed  so  that  the 
signal  amplitude  at  500  GHz  could  be  measured. 
The  500  GHz  signal  is  plotted  as  a  function  of  bias 


period  in  figure  10.  The  signal  peaks  for  a  bias 
period  close  to  the  expected  value.  A  theoretical 
curve  of  the  variation  in  the  signal  is  also  plotted 
in  figure  10.  It  is  based  on  the  simple  model  of 
equation  (4.1),  assuming  that  the  optical 
intensity  profile  is  Gaussian.  The  width  of  the 
scanning  beam  at  the  3  db  points  was 
approximately  10°.  This  width  is  determined  by 
the  overall  length  of  the  array  (3.2  mm)  and 
could  be  much  narrower  if  a  larger  array  were 
used. 

The  array  structure  has  also  been  used  for 
frequency  tuning  the  submillimeter-waves.  A 
single  optical  pulse  with  a  150  fs  pulse  duration 
illuminated  the  array  at  a  normal  incident 
angle.  The  center  electrode  (No.  16)  of  the  array 
was  always  biased  at  the  highest  voltage.  The 
dipole  detector  was  placed  30  mm  away  from  the 
emitting  array  at  a  detection  angle  of  0. 


Figure  11. 

From  equation  (4.3),  the  maxima  radiation  is 
at  the  condition  of  K=±Ksin0.  This  condition  can 
be  rewritten  as  X^±Abjagsin0.  It  is  clear  that  for  a 
fixed  angle  0,  the  center  wavelength  X  is 
proportional  to  Abias-  Therefore  by  varying  the 
bias  period  Abias»  the  radiation  wavelength  X  (or 
radiation  frequency  f )  can  be  electrically  tuned 
at  a  defined  direction. 

To  illustrate  the  tuning  properties  of  the 
photoconducting  antenna  array,  we  plot  the 
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temporal  waveforms  of  the  radiated  fields  versus 
the  bias  period  Abias,  as  shown  in  Figure  11.  The 
number  of  the  pulses  in  a  wave  packet  is 
proportional  to  the  number  of  the  bias  cycles 
across  the  array.  For  a  better  vision,  the  curves 
have  been  offset.  The  bias  period  Abias  was  varied 
from  0.4  mm  to  3  mm  while  the  No.  16  electrode 
was  kept  at  the  highest  voltage.  Since  the  center 
wavelength  X  of  the  radiation  is  proportional  to 
the  bias  period,  increasing  the  bias  period  Abias> 
causes  the  radiation  wavelength  to  increase  and 
the  pulse  width  to  broaden. 


Bias  Period  (mm) 

Figure  12. 

The  temporal  waveforms  have  been 
transformed  into  a  frequency  spectrum.  The 
center  carrier  frequency  of  each  waveform  has 
been  plotted  versus  the  bias  period  Abias>  as  shown 
in  Figure  12.  The  solid  dots  are  the  measured 
values  and  the  curve  is  the  calculation  from  the 
equation  fsc(AbiasBin0)**>  When  the  bias  period 
increases  from  0.4  mm  to  3  mm,  the  main  peak  of 
the  frequency  decreases  from  1.06  THz  to  140 
GHz.  The  experimental  data  and  the  theoretical 
calculation  are  in  good  agreement.  When  the 
frequency  was  tuned  over  1  THz,  the  measured 
amplitude  of  the  radiation  decreased,  due  to  the 
frequency  response  of  the  dipole  detector  and  the 
frequency  response  of  the  radiation  from  a  single 
antenna.  No  radiated  signal  was  measured 
when  the  bias  had  a  linear  distribution 
(Vn=nE0).  In  this  case,  the  radiation  direction 
satisfies  Fresnel's  law  equation  [1],  The  tuning 
bandwidth  and  resolution  is  largely  determined 
by  the  size  of  the  array  and  the  number  of  the 
antenna  elements.  For  an  array  size  of  10x10 
cm2  with  50  pm  photoconducting  gaps,  we  expect 
that  the  tuning  range  can  cover  from  3  GHz  to 
over  1  THz.  The  upper  limit  of  the  tuning  range 
is  comparable  with  the  bandwidth  of  the  radiation 
from  a  single  antenna. 


With  an  ultrafast  optical  pulse  excitation 
(assuming  the  pulse  width  of  the  radiated  field 
from  a  single  antenna  is  much  less  than  the 
array  retardation  time  Ta),  the  temporally  spread 
radiation  waveform  reflects  the  spatial 
distribution  of  the  bias  across  the  array,  because 
the  radiation  from  different  antenna  elements 
experiences  different  delay  times.  For  example, 
the  voltage  of  the  center  electrode  (No.  16)  was 
kept  at  the  highest  value  when  the  periodicity  of 
the  bias  was  changed.  This  made  the  waveforms 
in  Figure.  11  have  a  symmetry  about  their 
centers  (approximately  at  10  ps  position).  Also 
when  the  bias  phase  $  in  equation  (4.2)  varied, 
pulses  within  the  wave  package  shifted  in  time. 
The  amount  of  the  shift  was  (<)>sin0)/(cK).  The 
direction  of  the  shift  depended  on  the  sign  of  the 
phase  <>,  and  the  shift  was  confined  within  the 
duration  of  the  array  retardation  time  xa. 
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ABSTRACT 

The  use  of  high-performance,  Hertzian-dipole 
antennas  has  enabled  us  to  extend  the  opera¬ 
tion  of  our  optoelectronic,  pulsed  THz  beam  sys¬ 
tem  to  beyond  3  THz  and  to  thereby,  determine 
the  limiting  time-domain  response  function  of  the 
photoconductive  switch.  Via  this  capability,  we 
have  characterized  a  new  type  of  THz  source 
producing  380  fsec  pulses,  the  shortest  directly 
measured  THz  pulses  in  free  space  to  date. 


A  high-brightness  pulsed  THz  beam  system  has 
been  recently  developed  (1).  This 
optoelectronic  system  is  based  on  repetitive, 
fsec  optical  excitation  of  a  Hertzian  dipole  an¬ 
tenna  (1,2)  embedded  in  a  charged  coplanar 
transmission  line  structure.  The  resulting  syn¬ 
chronous  bursts  of  radiafion  are  collimated  by  a 
THz  optical  system  into  a  diffraction-limited  beam 
and  focused  onto  a  similar  receiver.  The  THz 
system  has  quite  tight  coupling  between  the 
transmitter  and  receiver,  while  the  good  focus¬ 
ing  properties  preserve  the  ultrafast  time  de¬ 
pendence  of  the  source.  Transmitted  waveforms 
have  been  measured  with  subpsec  resolution 
and  with  signal-to-noise  ratios  of  more  than 
10,000:1. 

In  this  paper  we  extend  the  work  of  Ref.  (1)  to 
smaller  antennas  and  thereby,  increase  the  fre¬ 
quency  response  to  3  THz.  From  the  calculated 
THz  optical  transfer  function  together  with  the 
known  THz  absorption,  we  extract  the  limiting 
bandwidth  of  the  system.  Because  the  transmit¬ 


ter  and  receiver  are  identical,  identical  transmit¬ 
ter  and  receiver  bandwidths  are  obtained.  This 
result  is  compared  to  the  calculated  radiation 
spectrum  from  a  Hertzian  dipole  (2,3)  driven  by 
the  current  pulse  determined  by  the  laser 
pulsewidth,  the  current  risetime,  and  the  carrier 
lifetime.  From  this  comparison,  the  time-domain 
response  function  for  the  antenna  current  is  ob¬ 
tained.  We  then  use  the  receiver  response 
function  to  extract  the  true  bandwidth  of  a  novel 
source  of  relatively  powerful  and  extremely 
short  pulses  of  freely  propagating  THz  radiation 
(4).  These  pulses,  having  a  measured  (full- 
width-at-half-maximum)  pulsewidth  of  380  fsec 
with  no  deconvolution,  are  the  shortest  directly- 
measured,  freely-propagating  THz  pulses  in  free 
space  to  date. 
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Fig  1  (a)  THz  optics,  (b)  Receiving  antenna. 
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The  optoelectronic  THz  beam  system  (1)  is 
shown  in  Fig.  la.  In  general,  laser  excitation  of 
the  source  chip  produces  a  burst  of  THz  radi¬ 
ation.  A  large  fraction  of  the  radiation  is  emitted 
into  the  substrate  in  a  cone  normal  to  the  inter¬ 
face  and  is  then  collected  and  collimated  by  a 
high-resistivity  (10  kHcm)  crystalline  silicon  lens 
attached  to  the  back  side  of  the  chip  (5).  A 
colliding-pulse,  mode-locked  (CPM)  dye  laser 
provides  the  623  nm,  60  fsec  excitation  pulses 
at  a  100  MHz  repetition  rate  in  a  beam  with  an 
average  power  of  7  mW  on  the  excitation  spot. 
After  collimation  by  the  lens,  the  beam  of  THz 
pulses  propagates  and  diffracts  to  a 
paraboloidal  mirror,  where  the  THz  radiation  is 
recollimated  into  a  highly  directional  beam  Af¬ 
ter  furtner  propagating  50  cm  the  THz  beam  is 
incident  upon  the  receiver,  where  a  second 
matched  paraboloidal  mirror  focuses  the  beam 
onto  a  second  identical  silicon  lens,  which  in  turn 
focuses  it  onto  an  ion-implanted  SOS  detection 
chip  with  the  antenna  geometry  shown  in  Fig. 
1b.  The  antenna  structure  is  located  in  the  mid¬ 
dle  of  a  20-mm-long  coplanar  transmission  line 
consisting  of  two  parallel  5-^m-wide  aluminum 
lines  separated  from  each  other  by  10  /jm.  The 
electric  field  of  the  focused  incoming  THz  radi¬ 
al1"  n  induces  a  transient  bias  voltage  across  the 
5  (um  gap  between  the  two  arms  of  this  receiv¬ 
ing  antenna,  directly  connected  to  a  low-noise 
current  amplifier.  The  amplitude  and  time  de¬ 
pendence  of  this  transient  voltage  is  obtained 
by  measuring  the  collected  charge  (average 
current)  versus  the  time  delay  between  the  THz 
pulses  and  the  delayed  CPM  laser  pulses  in  the 
5  mW  detection  beam.  These  pulses  synchro¬ 
nously  gate  the  receiver,  by  driving  the 
photoconductive  switch  defined  by  the  5  /jm 
antenna  gap 

For  the  transmitting  antenna  shown  in  Fig  2a, 
identical  to  the  receiving  antenna  and  also  fab¬ 
ricated  on  ion-implanted  SOS,  we  measure  the 
transmitted  THz  pulse  shown  in  Fig  2b.  This  pulse 
is  shown  on  an  expanded  time  scale  in  Fig.  2c, 
where  the  measured  FWHM  pulsewidth  of  420 
fsec  (with  no  deconvolution)  is  indicated  This 
pulsewidth  is  significantly  shorter  than  the  540 
fsec  pulse  obtained  from  the  same  experimental 
arrangement,  but  with  30-/jm-long  antennas  (1). 
The  use  of  antennas  smaller  than  Fig  2a  did  not 
significantly  shorten  the  THz  pulses  The  numer¬ 
ical  Fourier  transform  of  Fig  2  b  is  shown  in  Fig 


2d,  where  the  amplitude  spectrum  is  seen  to 
extend  beyond  3  THz.  The  sharp  spectral  fea¬ 
tures  are  water  lines  (6),  from  the  residual  water 
vapor  present  in  the  apparatus. 


FREQUENCY  (THz) 


Fig  2  (a)  Transmitting  anlenna,  (b)  Measured 
THz  pulse,  (c)  Measured  THz  pulse  on  expanded 
time  scale,  (d)  Amplitude  spectrum  of  Fig.  2b. 
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Two  effects  reduce  the  spectral  extent  of  the 
measured  pulse  (Fig  2d).  These  are  the 
frequency-dependent  transfer  function  (7)  of  the 
THz  optical  system  (Fig.  la)  and  the  THz  absorp¬ 
tion  in  the  sapphire  (SOS)  chips  (5).  The  trans¬ 
mission  function  describing  these  two  effects  is 
presented  in  Fig.  3a.  Dividing  the  measured 
spectrum  in  Fig  2d  by  this  transmission  function 
we  obtain  Fig  3b.  Here,  the  spectral  extent  is 
determined  only  by  the  product  of  the  receiver 
response  and  the  transmitted  spectrum.  Be¬ 
cause  the  transmitter  and  receiver  are  identical, 
by  the  reciprocity  theorem  (8),  the  transmitted 
spectrum  is  identical  to  the  receiver  response, 
and  is  given  by  the  square  root  of  Fig.  3b  shown 
in  Fig.  3c 


In  the  small  antenna  limit  corresponding  to  the 
Hertzian  dipole  (2,3),  the  generated  radiation 
field  is  proportional  to  the  time-derivative  of  the 
current  pulse.  Based  on  our  results  we  conclude 
that  the  current  in  the  antenna  is  mainly  deter¬ 
mined  by  the  intrinsic  response  of  the  semicon¬ 
ductor  itself.  We  will  now  briefly  derive  the 
intrinsic  time-domain  response  function  for  a 
semiconductor  described  by  the  simple  Drude 
formalism.  For  this  case  the  free  carriers  are 
considered  as  classical  point  charges  subject  to 
random  collisions.  Here  we  use  the  simplest 
version  of  this  model  for  which  the  collision 
damping  is  independent  of  the  carrier  energy 
and  for  which  the  frequency  dependent  com¬ 
plex  conductivity  a(u>)  is  given  by  (9) 


rr(in) 


ndc 


iT 

a  >  +  if 


(1) 


where  T=1/t  is  the  damping  rate  and  t  is  the 
average  collision  time.  This  relationship  is  in 
good  agreement  with  recent  time-domain 
spectroscopy  measurements  on  lightly  doped 
silicon  from  low  frequencies  to  beyond  2  THz  (9). 
The  dc  conductivity  is  given  by  odc  =  e^N, 
where  e  is  the  electron  charge,  pdc  is  the  dc 
mobility  and  N  is  the  carrier  density.  In  the  fol¬ 
lowing  discussion  it  is  helpful  to  cast  the 
formalism  into  a  frequency  dependent  mobility 
as 

<2> 


The  dc  current  density  is  given  by  Jdc  =  odc E,  or 
equivalently  Jdc  =  eE^N,  where  E  is  a  constant 
electric  field.  Because  of  the  linearity  of  the  cur¬ 
rent  in  N,  for  a  time  dependent  carrier  density 
N(t),  the  time  dependent  current  density  can  be 
written  as 

J(f)=ef[  >dt-  r)N{f)dr,  (3) 

where  /<(t-t’)  is  the  time-domain  response  func¬ 
tion  for  the  mobility.  This  function  is  determined 
by  the  inverse  transform  of  the  frequency  de¬ 
pendent  mobility  to  be  the  causal  function 


Fig. 3  (a)  Transmission  function,  (b)  Amplitude 
spectrum  of  Fig  2c  divided  by  transmission 
function,  (c)  Amplitude  spectral  response  of 
transmitter  and  receiver 


,'{t-r)  =  pac  re-r,'-n  (4) 

which  vanishes  for  negative  (t-t'). 
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In  order  to  facilitate  the  understanding  of  the 
photoconductive  switch  it  is  useful  to  rewrite  the 
basic  Eq.  (3)  in  the  equivalent  form, 

J(f)  =  ©£*[  M>-nf  Rc(f  -f'W)drdr, 

(5) 

where  l(f")  is  the  normalized  intensity  envelope 
function  of  tho  laser  pulse,  A  is  a  constant  giving 
the  conversion  to  absorbed  photons/volume 
and  Rc  describes  the  decay  of  the 
photogenerated  carriers.  By  defining  a  new 
photocurrent  response  function  ypc(t-t'),  we  can 
rewrite  Eq.(5)  in  the  following  form 

jpc(t-r)l(f)df,  (6) 

—  oo 

where  ypc(t-t')  is  obtained  by  evaluating  Eq.(5) 
with  a  delta  function  <5(t")  laser  pulse.  Assuming 
the  causal  function  /?c(t'-t")~  exp-(t'-t"'  tc,  de¬ 
scribing  a  simple  exponential  decay  of  the  car¬ 
riers  with  the  carrier  lifetime  tc  (significantly 
longer  than  the  average  collision  time  r)  for 
positive  (t'-t")  and  vanishing  for  negative  (t'-t"), 
and  that  ^(t-t')  is  given  by  the  Drude  response 
of  Eq  (4),  the  causal  response  function  ypc(f)  is 
then  evaluated  to  be 


jpdn  = 


pdceEAr 

r-i/rc 


rbe 


(7) 


for  positive  f=  (t-t')  and  shown  to  vanish  for 
negative  t*.  In  the  short  pulse  limit  of  the  ulfrafast 
excitation  pulses,  the  time  dependence  of  the 
photocurrent  J(t)  is  approximately  equal  to  that 
of  the  photocurrent  response  function  ypc(f)  for 
positive  t*.  For  a  long  carrier  lifetime,  the  time 
dependence  of  ypc(f)  is  described  by  a  simple 
exponential  rise  with  a  risetime  of  the  order  of 
T=1/r,  which  is  equal  to  270  fsec  and  150  fsec 
for  the  electrons  and  holes,  respectively,  in 
lightly  doped  silicon  (9).  As  these  results  show, 
the  material  response  can  be  slow  compared  to 
the  duration  of  the  ultrafast  laser  excitation 
pulses  which  can  be  as  short  as  10  fsec,  but  is 
more  typically  of  the  order  of  60  fsec 
For  the  photoconductive  switches  considered 
here,  we  assume  the  time-domain  response 


function  yp c(t*)  to  have  the  time  dependence 
described  by  Eq.  (7).  This  response  function  is 


TIME  (ps) 


0  12  3  4 

FREQUENCY  (THz) 


Fig  4  (a)  Calculated  current  pulse  in  antenna, 
(b)  Time-derivative  of  current  pulse,  (c)  Ampli¬ 
tude  spectrum  of  Fig  4b,  (d)  Comparison  of  Figs. 
4c  and  3c 
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then  correlated  with  a  Gaussian  shaped  laser 
pulse  with  a  FWHM  of  60  fsec.  The  carrier  life¬ 
time  rc  has  been  measured  to  be  600  fsec  for 
ion-implanted  SOS  (10).  As  demonstrated 
above  good  agreement  with  experiment  is  ob¬ 
tained  with  the  average  collision  time  t  =  190 
fsec.  With  these  parameters  the  calculated 
shape  of  the  current  pulse  in  the 
photoconductive  switch  and  the  Hertzian  dipole 
antenna  is  presented  in  Fig.  4a.  The  time  deriv¬ 
ative  of  this  pulse  is  given  in  Fig  4b,  where  an 
extremely  fast  transient,  corresponding  to  the 
rising  edge  of  fhe  current  pulse,  is  seen.  The 
numerical  Fourier  transform  of  Fig.  4b,  presented 
in  Fig.  4c,  is  the  predicted  amplitude  spectrum 
of  the  transmitter.  In  Fig  4d,  this  spectrum  is 
compared  with  the  amplitude  spectrum  of  the 
transmitter  from  Fig.  3c;  the  agreement  is  excel¬ 
lent.  Thus,  we  have  determined  an  exper¬ 
imentally  self-consistent  time-domain  response 
function  describing  the  current  in  the  dipole  an¬ 
tenna,  although  the  190  fsec  risetime  (collision 
time)  seems  too  slow  for  ion-implanted  SOS. 

The  well-characterized  THz  beam  system  and 
ultrafast  detector  of  Fig.  1  can  now  be  used  to 
determine  the  spectral  response  of  a  new  source 
of  extremely  short  pulses  of  THz  radiation  (4). 
The  operatic  i  of  this  source  is  based  on  a  re¬ 
cently  discovered  optoelectronic  effect  (1 1 ),  ini¬ 
tially  used  to  generate  350  fsec  electrical  pulses 
on  a  coplanar  transmission  line  by  focusing 
ultrafast  laser  pulses  on  the  interface  (edge)  of 
the  positively  biased  line.  Here,  as  illustrated  in 
Fig  5a,  we  use  the  same  technique  with  a  dif¬ 
ferent  line  geometry  and  together  with  the  THz 
beam  system  to  capture  the  radiation  emitted 
into  the  substrate  from  the  point  of  excitation. 
The  20-mm  long  coplanar  transmission  line 
structure  consists  of  two  10-^m-wide,  Ni-Ge-Au 
metal  lines  separated  by  80  and  fabricated 
on  intrinsic,  high-resistivity  GaAs  Irradiating  the 
edge  of  the  positively  biased  line  with  focused 
10  /jm-diameter,  ultrafast  laser  pulses  produces 
synchronous  bursts  of  electromagnetic  radiation 
This  source  is  completely  compatible  with  fhe 
THz  beam  system  and  merely  replaces  the 
source  chip 

The  measured  THz  pulse  emitted  from  the  laser 
excited  metal-GaAs  interface  with  +oQV  bias 
across  the  transmission  line  is  shown  in  Fig  5b, 
and  on  an  expanded  time  scale  in  Fig  5c  The 
feature  (dip)  on  the  falling  edge  of  fhe  THz  pulse 
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Fig  5  (a)  New  method  to  generate  pulses  of  THz 
radiation,  (b)  Measured  THz  pulse,  (c)  Measured 
THz  pulse  on  an  expanded  time  scale. 


is  the  sharpest  feature  ever  measured  with  an 
ion-implanted,  SOS  detector.  The  dip  is  caused 
by  the  pulse  reshaping  due  to  the  dispersive  (5) 
propagation  of  the  ultrashort  THz  pulse  through 
the  0.46-mm-thick  GaAs  generation  chip  and 
the  0  46-mm-thick  sapphire  substrate  of  the  SOS 
detection  chip  Because  of  the  exceptionally 
low  dispersion  and  absorption  of  silicon  (5),  the 
13  5  mm  propagation  through  the  silicon  lenses 
does  not  significantly  effect  the  pulseshape.  The 
measured  190  fsec  time  delay  from  the  mini¬ 
mum  of  the  dip  to  the  next  later  maximum, 
demonstrates  an  exceptionally  fast  receiver 
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Fig.6  (a)  Amplitude  spectrum  of  Fig  5b,  (b)  Am¬ 
plitude  spectrum  (Fig.  6a)  divided  by  the  trans¬ 
mission  function  (Fig  3a)  and  by  the  receiver 
response  (Fig  4c) 


response  time,  consistent  with  the  time-domain 
response  function  describing  the  current  in  the 
receiving  antenna  as  given  by  Eq  (7). 

The  numerical  Fourier  transform  of  the  pulse  of 
Fig.  5b,  as  presented  in  Fig  6a,  is  only  a  lower 
limit  to  the  true  spectral  extent  However,  by  us¬ 
ing  the  above  information  characterizing  the  THz 
beam  system,  we  can  now  access  the  true 
spectral  response  of  this  source  Accordingly, 
the  spectrum  in  Fig  6a  is  divided  by  the  trans¬ 
mission  function  (Fig.  3a)  and  then  divided  by 
the  receiver  frequency  response  (Fig  4c)  The 
result  shown  in  Fig.  6b  illustrates  the  broad  spec¬ 
trum  of  this  source  Again,  the  sharp  line  struc¬ 
ture  is  due  to  wafer  absorption  lines  (6) 
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Low-Temperature  Epitaxially  Grown  GaAs  as  a  High-Speed 
Photoconductor  for  Terahertz  Spectroscopy 
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I.  Introduction 

Photoconductive  elements  have  been  employed  to 
generate  and  detect  ultrafast  electrical  signals  in  many 
areas  of  optical  electronics.  [1,2]  One  outstanding 
application  of  these  structures,  when  they  are  fabricated 
on  substrates  with  rapid  recombination  times,  is  as 
transmitting  and  receiving  antennas  that  can  be  used  for 
millimeter-wave  and  submillimeter-wave  spectroscopy. 
Experiments  which  characterize  a  terahertz  radiation 
system  using  dipole-like  antennas  have  been  carried 
out,[3]  and  the  system  has  been  applied  to  the 
spectroscopy  of  dielectrics  [4]  and  semiconductors.^] 
Assuming  that  short  laser  pulses  and  a  high- 
quality  imaging  system  are  available,  the  fidelity  of  the 
broadcast  signals  and  the  resolution  attainable  for  a 
spectroscopy  system  depend  primarily  on  the 
photoconductor  material  and  antenna  system.  The  best 
photoconductive-switch  substrates  combine  an 
extremely  short  photoexcited  carrier-response  lifetime 
(<  200  fs)  with  adequate  carrier  mobility  (-100  cm2/V- 
s),  and  they  possess  ultrafast  response  speed,  high 
responsivity,  high  dielectric-breakdown  field  (>  200 
kV/cm),  and  a  high  resistivity  (-  107  £2-cm).  Under 
the  correct  growth  conditions,  the  material  system  that 
has  been  found  to  surpass  semi-insulating,  amorphous, 
and  radiation-damaged  semiconductors  in  these  respects 
is  low-temperature,  MBE-grown  GaAs  (LT  GaAs).[6- 
7]  We  demonstrate,  for  the  first  time,  the  advantages 
of  the  use  of  optimized  LT-grown  materials  as  they  are 
applied  to  the  photoconductive  generation  and  detection 
of  radiated  terahertz  bursts.  In  this  investigation, 
dipole-like  antennas  fabricated  on  LT-grown  materials 
with  the  cleanest  photoconductive  response  have  been 
found  to  generate  the  shortest,  and  thus  widest 
bandwidth,  radiation  bursts.  Measurements  were  made 
using  antennas  fabricated  on  radiation-damaged  silicon- 
on-sapphire  (SOS)  and  LT  GaAs  layers  grown  at 


different  temperatures  so  that  the  performance  of  each 
could  be  compared  and  the  optimum  growth 
temperature  of  the  latter  determined. 

We  also  explore  alternative  antenna  structures  -  in 
the  form  of  logarithmically-periodic  planar  antennas  - 
in  order  to  increase  the  bandwidth  and  the  radiation 
efficiency  over  conventional  dipole  antennas. 

Lastly,  we  extend  the  coherent  time-domain 
spectroscopy  technique  to  the  measurement  of  thin 
absorbing  films.  In  this  case  the  transmission  of 
terahertz  radiation  through  a  thin-film  of  a  high- 
temperature  superconductor,  YBa2Cu307_x  (YBCO), 
was  measured  above  and  below  the  critical  temperature. 
From  these  measurements,  the  complex  conductivity 
was  directly  obtained  without  the  use  of  a  Kramers- 
Kronig  analysis. 

II.  LT-GaAs  layers 

The  higher  responsivity  of  the  LT  GaAs  layers  allows 
larger  signals  to  be  generated  by  the  transmitter,  as 
well  as  a  larger  response  to  be  induced  in  the  receiver 
for  the  same  detected  field.  Furthermore,  the  higher 
breakdown  of  the  LT  GaAs  materials  allows  higher 
bias  voltages  and  larger  photogenerated  signals,  so  that 
the  overall  signal-to-noise  ratio  is  found  to  be 
approximately  20  times  greater  than  for  a  comparable 
system  employing  dipole-like  antennas  fabricated  on 
radiation-damaged  silicon-on-sapphire  (SOS). 

Figure  1  shows  photoconductively  generated 
pulses  using  a  gap  in  a  coplanar  transmission  line 
fabricated  on  different  samples  of  LT  GaAs  grown  at 
two  different  temperatures  at  MIT-Lincoln  Laboratory. 
Until  now,  it  was  believed  that  a  200°C  growth 
temperature  would  yield  a  photoconductive  material 
with  the  fastest  response.  However,  using  external 
electro-optic  measurement  techniques,  the  material  that 
was  grown  at  190°C  was  found  to  yield  a  pulse  with  an 
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unconvolved  FWHM  of  480  fs  with  no  persistent  tail. 
This  would  thus  represent  an  upper  limit  to  the 
response  time  of  this  material.  The  LT  GaAs  grown  at 
200 °C  responded  with  a  FWHM  of  630  fs,  due  partly 
to  the  presence  of  prolonged  photoconductivity. 
Although  the  accuracy  of  the  absolute  growth 
temperature  is  questionable  at  these  low  growth 
temperatures,  the  distinguishing  factor  is  the 
crystalline  structure  of  the  material  during  growth.  In 
the  case  of  the  190°C  material,  it  is  on  the  verge  of 
becoming  polycrystalline  during  growth  (as  indicated 
by  the  RHEED  pattern).  The  material  grown  at  200°C 
is  crystalline  during  growth.  In  both  cases  the  material 
is  post-annealed  in  situ  at  600°C  in  an  arsenic  over¬ 
pressure.  Measurements  on  a  material  grown  at  an 
intermediate  temperature  indicated  improvement  over 
the  200°C  material,  but  still  exhibited  a  tail  on  the 
response.  The  existence  of  this  tail,  seriously  inhibits 
an  accurate  frequency  domain  analysis  as  artifacts  are 
introduced  during  truncation  when  a  numerical  fast- 
Fourier  transform  (FFT)  is  applied. 


Figure  1 .  Electrical  pulses  photoconductively  generated 
using  LT  GaAs  substrates  at  190% 7  and  200 %2  growth 
temperatures  and  measured  via  electro-optic  sampling. 

Next,  coplanar  striplines  which  have  been  shown 
to  behave  as  dipole-iike-antenna  radiators  [3]  were 
fabricated  on  the  same  LT-grown  GaAs  materials  and 
mounted  on  hyperhcmispherical-dome  lenses  made  of 
high-resistivity  silicon.  The  dc-biased  transmitter  was 
positioned  several  centimeters  from  an  identical 
receiving  antenna,  allowing  a  nearly-collimated 
radiation  beam  to  be  broadcast  and  detected.  The  signals 
were  triggered  by  150-fs  laser  pulses  at  the  transmitter 
and  then  measured  via  photoconductive  sampling  at  the 
receiver.  The  measured  radiation  was  a  convolution  of 
the  broadcast  signal  and  the  receiver  response,  so  the 
result  using  the  190°C  material  was  far  superior  to  that 
using  the  200°C  material.  The  FWHM  as  determined 
by  a  Gaussian  fit  to  the  central  spike  of  the  time- 
domain  waveform  was  found  to  be  0.44  ps  (Fig.  2). 
This  is  only  an  upper  limit  to  the  response  which  is 
limited  by  the  antenna  bandwidth  and  the  laser  pulse 
duration.  The  spectrum  generated  using  this  optimized 


(190°C)  material  extends  beyond  2.5  THz,  allowing 
spectroscopic  measurements  to  be  made  on  low-loss 
materials  at  frequencies  in  excess  of  2  THz  (Fig.  3). 


III.  Log>periodic  Antennas 

In  order  to  increase  both  the  bandwidth  and  the 
amplitude  of  the  radiated  signals,  logarithmically- 
periodic  planar  antennas  fabricated  on  the  LT  GaAs 
have  also  been  tested  (Fig.  4).[8]  The  antenna  design 
uses  a  ratio  of  0.5  for  the  distance  of  successive  teeth 
from  the  center  with  an  arm  angle  of  45°.  The 
temporal  characteristics  of  these  broadband,  efficient 
radiators  display  an  oscillatory  behavior  exhibiting  a 
variable  period,  with  a  correlation  noted  between  this 
performance  and  the  spacing  of  the  stub-gap  pairs  on 
the  log-periodic  structure  (Fig.  5).  The  antenna  can  be 
modeled  as  a  series  of  resonant  structures  periodically 
placed  along  a  transmission  line.  Upon  creation  and 
subsequent  propagation  of  an  electrical  transient 
originating  at  the  center  of  the  antenna,  each  one  of  the 
resonant  teeth  in  turn  is  encountered  and  radiates  at  the 
corresponding  resonant  frequency.  This  gives  rise  to 


Time  (ps) 

Figure  2.  Radiation  burst  photoconductively  generated 
and  detected  using  dipole-like  antennas  fabricated  on  LT 
GaAs  grown  at  190°C 


Figure  3.  Spectrum  of  the  time-domain  waveform  of 
Fig.  2 
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the  chirp-like  temporal  characteristics  seen  in  Fig.  5. 
An  experimental  comparison  has  been  made  between 
photoconductively  excited  log-periodic  and  the 
coplanar-stripiine  dipole-like  antennas,  with  the 
amplitude  of  the  radiated  field  of  the  former  found  to  be 
at  least  10  times  greater  than  that  of  the  latter.  This 
was  combined  with  a  log-periodic  receiver  and  the 
overall  amplitude  increase  scaled  roughly  as  the  square 
of  the  amplitude  increase  seen  with  just  the  transmitter 
replaced  by  a  log-periodic  antenna  ( i.e .,  -100  times 
increase). 


Figure  4.  A  logarithmically-periodic  antenna  structure. 


Figure  5.  The  time -domain  response  of  a  transmitter 
using  the  antenna  shown  in  Fig.  4.  The  receiver  was  a 
dipole-like  antenna. 


Despite  this  large  increase  in  efficiency  over  a 
more  conventional  dipole-like  antenna  design,  the 
discrete  nature  of  the  antenna  makes  applications  to 
terahertz  spectroscopy  less  desirable  than  using  dipole¬ 
like  antennas.  However,  this  antenna  may  have  other 
uses  which  take  advantage  of  its  broadband,  high 
efficiency  nature,  such  as  pulsed  radar. 


IV.  High-Tc  Superconducting  Thin-Films 

Studies  of  the  high-frequency  properties  of 
superconducting  materials  based  on  their  response  to 
millimeter-  and  submillimeter-wave  electromagnetic 
perturbations  are  of  special  interest.  They  give  insight 
into  the  nature  of  quasiparticle  excitations  and  pairing 
mechanisms,  as  well  as  a  direct  assessment  of  how  the 
materials  would  perform  as  passive  microwave  devices 


(e.g.,  interconnects,  resonators,  filters,  etc.).  The  latter 
is  found  via  measurements  of  the  complex  conductivity 
or  surface  impedance.  In  the  past,  time-domain 
techniques  have  been  used  to  assess  the  high-frequency 
response  of  YBCO  thin  films  by  measuring  the 
dispersion  characteristics  of  short  electrical  pulses  (~  1 
ps)  propagating  on  transmission  line  structures 
patterned  from  these  films.[9,10]  In  one  such  study 
(Ref.  10)  the  surface  impedance  was  obtained  for 
frequencies  extending  to  500  GHz.  The  coherent  time- 
domain  spectroscopy  technique  offers  a  nondestructive, 
noncontact  way  to  study  the  complex  conductivity  of  a 
thin-film,  a  fundamental  quantity  which  may  be 
directly  compared  to  theories,  BCS -based  or  otherwise. 

We  first  apply  the  terahertz  spectroscopy  technique 
to  assess  the  characteristics  of  a  MgO  substrate  on 
which  the  high-Tc  thin  films  are  later  deposited.  From 
a  measurement  of  the  transmission  function  the 
complex  index,  N  can  be  directly  obtained.  The  results 
are  shown  in  Fig.  6.  The  real  part  of  the  index 
increases  only  slightly  with  frequency.  Indeed  this 
demonstrates  the  ability  to  accurately  measure  index 
changes  of  less  than  2%  over  a  bandwidth  exceeding  2 
THz  in  thin  samples  (0.5  mm).  From  the  imaginary 
part  of  the  index  the  power  absorption  was  within 
experimental  error  having  an  upper  limit  of  ~  4  cm'1 
at  room  temperature  over  the  entire  measured  frequency 
range.  At  lower  temperatures  this  value  decreases  even 
further.!  11]  These  properties  make  this  substrate  an 
excellent  choice  as  a  microwave  substrate  for  circuit 
applications. 


Frequency  (THz) 

Figure  6.  The  measured  complex  index  for  a  5 00- pm 
thick  magnesium  oxide  substrate. 

Next  a  superconducting  YBCO  thin  film  (-1000-A 
thickness)  deposited  on  a  MgO  substrate  was  placed 
between  the  antennas.  The  epitaxial  c-axis  oriented 
film  was  produced  using  a  standard  laser-ablation 
process.  [12]  Figure  7  shows  the  time-domain  response 
in  transmission  for  temperatures  above  and  below  the 
critical  temperature  (—80  K).  The  changes  associated 
with  the  onset  to  superconductivity  can  be  directly 
seen.  A  dramatic  decrease  in  the  transmitted  signal 
amplitude  occurred  mainly  as  a  result  of  the  increase  in 
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the  reflection  of  the  incident  wave.  An  even  more 
dramatic  change  can  be  seen  for  temperatures  below 
-TJ2.  A  phase  shift  and  an  accompanying  change  in 
pulse  shape  are  also  identified.  This  is  a  direct  result  of 
the  presence  of  superconducting  electrons. 


Figure  7.  Transmitted  time  domain  waveforms  through 
a  -1000  A  thick  YBCO  thin-film  above  and  below  the 
transition  temperature. 


From  the  measured  transmission  function  (in  this 
case  the  frequency  response  of  the  fllm-on-substrate 
divided  by  the  response  of  the  substrate  alone)  and  the 
standard  thin-film  transmission  formula,!  13]  the 
complex  index  as  well  as  the  complex  conductivity 
were  obtained.!  14]  A  plot  of  the  normalized  complex 
conductivity  versus  frequency  for  sample  temperatures 
above  and  below  the  critical  temperature  is  shown  in 
Fig.  8.  The  small  undulations  in  some  of  the  values  is 
an  artifact  due  to  the  noise  present  in  the  time  domain 
waveforms  (see  Fig.  7).  The  conductivities  were 
normalized  to  the  normal  state  conductivity  just  above 
Tc.  A  number  of  dramatic  effects  can  be  seen.  The 
imaginary  part  of  the  conductivity,  o2,  nearly  zero  in 
the  normal  state,  increases  greatly  at  low  frequencies 
exhibiting  a  1/co  frequency  dependence,  as  expected 
from  theory.!  15]  This  behavior  of  o2  *s  primarily 
from  superconducting  pairs.  The  real  part  of  the 
conductivity,  Oi,  decreases  below  the  normal  state 
value  for  low  temperatures.  However  this  reduction  in 
Oi  is  not  as  great  as  would  be  expected,  a  sign  of 
residual  loss  which  is  associated  with  the  depressed  Tc 
of  the  film.  Further  optimization  of  the  Films  are 
needed  for  this  non-lattice  matched  substrate. 


V.  Conclusions 

We  have  demonstrated  a  coherent  time-domain 
spectroscopy  system  which  employs  low-temperature 
MBE  grown  GaAs.  Due  to  the  superior  material 
properties  of  LT  GaAs  it  can  out  perform 


Frequency  (ThU) 

Figure  8.  The  complex  conductivity  obtained  from  the 
transmitted  waveforms  of  Fig.  7. 

conventional  photoconductive  materials  such  as 
radiation  damaged  silicon-on-sapphire.  A  log-periodic 
antenna  was  demonstrated  which  had  a  measured 
increase  in  radiation  efficiency  of  -10  times  over  a 
conventional  dipole-like  antenna.  We  have  also  shown 
that  the  terahertz  spectroscopy  technique  can  be  used  to 
nondestructively  measure  fundamental  ac  properties  of 
thin  superconducting  high-Tc  films. 
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ABSTRACT 

A  new  type  of  log-periodic  antenna,  the  wire  log- 
spiral,  has  been  designed  and  implemented  on 
low  temperature  grown  GaAs  substrates.  The  new 
antenna  is  compared  to  two  traditional  antenna 
designs  (log-periodic  and  dipole)  for  the 
detection  of  pulsed  THz  radiation. 

INTRODUCTION 

Microwave  pulses,  with  terahertz  bandwidth 
and  picosecond  duration  can  be  generated  using 
standard  femtosecond  laser  techniques,  and 
detected  using  a  1/2  wave  dipole  antenna  [1,2]. 
This  antenna  is  typically  100  Jim  long  and 
fabricated  on  a  short  carrier  lifetime  substrate, 
such  as  ion-implanted  silicon  on  sapphire.  The 
received  signal  is  then  electrically  gated  with 
the  same  femtosecond  laser  that  is  used  to 
generate  the  RF.  Gates  are  photolithagrphically 
defined  at  the  center  or  feed  point  of  the  antenna. 

This  paper  reports  on  the  design,  fabrication 
and  initial  performance  demonstration  of  a  new 
type  of  antenna  for  detection  of  broadband  pulsed 
THz  radiation,  the  log  periodic  antenna.  In 
addition,  a  new  kind  of  log  periodic  structure,  the 
Wire  Log  Spiral  (WLS),  is  presented.  The  new 
design  is  compared  experimentally  with  a  dipole 
and  a  standard  log-periodic  design,  also 
fabricated  for  this  purpose. 

PERIODIC  ANTENNAS 

Unlike  a  1  /2  wave  dipole  which  is  resonant  at 
a  single  frequency,  logarithmically,  or  Log 
Periodic  (LP)  antennas  are  a  family  of  frequency 


independent  antennas  [3].  Their  large  bandwidth 
is  due  to  the  repetition  of  a  pattern  or  cell.  One 
advantage  of  this  design  is  that  it  is  resonant  at 
=1/4  wavelength  excitation  for  both  the  longest 
and  shortest  teeth.  As  was  shown  in  Ref.  [3],  this 
structure  can  be  reduced  to  wire  outlines,  as  the 
currents  flow  at  the  outer  edges  of  the  conductors. 
This  approximation  greatly  simplifies  the 
layout.  An  outline  of  the  LP  antenna  electrodes 
used  in  this  work  is  shown  as  an  inset  in  Fig  2(b). 
In  addition,  non-planar  implementations  can 
narrow  the  beam  pattern  of  a  given  antenna,  but 
are  not  considered  here  for  practical  reasons.  For 
a  given  design  the  number  of  elements  in  an 
antenna  can  be  varied.  This  reduces  the 
impedance  for  symmetrically  connected  arms,  as 
long  as  the  electrodes  do  not  overlap.  The 
requirements  for  good  antenna  performance  are 
the  avoidance  of  edge  effects  and  near  constant 
impedance  (at  the  feed  point)  over  the  entire 
frequency  band. 

Edge  effects  can  be  avoided  by  making  the 
antenna  large  relative  to  the  lowest  frequency,  or 
about  1/2  of  the  longest  wavelength  [4],  Both 
designs  considered  here  are  *  1  mm  across  the 
longest  dimension.  The  increasing  impedance  of 
the  antenna  with  radius  causes  a  resonant  section 
to  propagate  any  received  energy  toward  the  feed 
point  in  a  backward  wave  configuration.  This 
also  tends  to  eliminate  edge  effects. 

The  requirement  of  constant  impedance  is 
critical  for  antennas  which  are  fed  by  50  £2  feed 
lines.  In  the  original  implementations  operating 
at  <  1  GHz  great  care  was  taken  to  integrate  the 
coaxial  feed  cable  into  the  structure  (structures 
ranged  in  size  from  a  few  centimeters  to  several 
meters)  [4].  For  antennas  which  are  gated  at  the 
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Figure  1 .  Wire  Log-spiral  antenna,  (a)  Measured 
time  waveform,  E(t).  (b)  Fourier  transform  of  Eft). 
Inset  shows  electrode  pattern.  Line  width  is  5  pm 
and  contact  pads  are  100x100  pm. 

feed  point,  this  requirement  does  not  appear  to  be 
important  (the  switch  effectively  mixes  the  RF 
down  to  either  the  laser  repetition  rate  or 
alternatively,  the  lock-in  frequency).  In  these 
structures  the  gated,  low  frequency  signals  are 
read  from  the  contact  pads,  using  the  antenna 
simply  as  a  wire  connecting  the  pad  and  feed 
point.  Detected  reflections  were  found  to  come 
from  the  backside  of  the  wafer  on  which  the 
antenna  was  fabricated,  rather  than  the  antenna 
edge. 

Another  antenna  type  is  the  LP-sinuous  spiral, 
where  the  electrode  pattern  is  generated  by  a 
more  complicated  mathematical  expression  [5j. 
The  sinuous  design  is  expected  to  offer  better 


Figure  2.  Log  periodic  antenna,  (a)  Measured  time 
waveform,  E(t).  (b)  Fourier  transform  of  E(t). 
Inset  shows  electrode  pattern.  Line  width  is  5  pm 
and  contact  pads  are  100x100  pm. 

frequency  coverage  since  the  circular  nature  of  the 
antenna  produces  a  continuous  range  of  resonances, 
while  preserving  the  LP  nature  of  the  antenna. 

By  applying  a  similar  reduction  of  the  pattern 
to  a  wire  outline  with  this  design,  the  WLS 
structure  results  and  is  shown  in  the  inset  of  Fig. 
Kb).  However,  in  this  approximation,  the 
antenna  pattern  is  reduced  to  a  series  of  non- 
concentjic  half  circles  whose  radii  scale  in  the 
same  way  as  the  LP  antenna  elements.  The 
individual  half  circles  are  offset  along  the  axis 
to  alternately  join  and  form  a  continuous  path. 

With  both  structures,  the  wire  approximation 
violates  the  self  complementary  nature  of  the 
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antenna.  We  note  that  the  LP  design  presented 
here  is  polarization  independent,  since  it  contains 
four  arms.  The  WLS  design  has  two  arms,  and 
manifests  a  polarization  dependent  response. 
Both  antennas  are  fabricated  by  deposition  of 
1  jim  thick  by  5  jun  wide  gold  electrodes  on  Low 
Temperature  (LT)  grown  GaAs  photoconductors 
161. 

EXPERIMENT 

The  THz  RF  pulse  is  derived  by  illuminating 
an  InP  wafer  with  -50  pj,  70  fs  Full  Width  at 
Half  Maximum  (FWHM)  visible  optical  pulses 
derived  from  a  10  Hz  amplified  CPM  dye  laser 
system  (1,  7J.  Peak  detected  signals  were  several 

O 

hundred  millivolts  at  a  current  gain  of  10  A/V. 
Signals  were  acquired  using  a  current  preamp  and 
boxcar  averager  because  of  the  low  (10  Hz) 
repetition  rate.  The  RF  pulse  is  strongly 
polarized  due  to  the  orientation  of  the  InP  wafer, 
requiring  correct  antenna  orientation.  This  was 
confirmed  using  a  wire  grid  polarizer.  A  single 
experimental  scan  (acquisition  time  of  =1  minute) 
of  the  electric  field,  E(t).  ^  dent  on  the  WLS 
antenna  as  a  function  of  gat.  -  delay  time  is  shown 
in  Fig.  1(a). 

Analogous  E(t)  data  for  the  log  periodic 
antenna  is  shown  in  Figs.  2(a)  and  2(b).  Unlike 
the  WLS,  peaks  appear  in  the  frequency 
spectrum.  These  are  due  to  the  discrete  nature  of 
the  ante  .na  which  behaves  as  a  series  of  resonant 
dipoles  distributed  along  a  transmission  line. 

The  frequency  dispersion  (chirp)  observed  for 
both  antennas  is  a  consequence  of  the  propagation 
time  required  for  longer  wavelength  signals  to 
reach  the  feed  point  of  the  antenna,  and  has  been 
previously  observed  in  another  antenna  type  [81. 
This  dispersion  can  be  advantageous  when 
analyzing  spectral  response,  as  the  time  axis  of 
Figs.  1(a)  can  also  be  viewed  as  the  frequency  axis 
since  the  phase  of  the  Fourier  transform  is  nearly 
linear  (not  shown). 

By  setting  the  phase  of  the  transform  to  zero 
and  performing  an  inverse  Fourier  transform,  the 
chirp  is  removed  and  a  short  pulse  similar  to  the 
dipole  response  (but  symmetric)  is  produced, 
shown  in  Fig.  3  (a),  with  a  FWHM  about  equal  to 
the  photoconductive  switch  response.  The  dipole 
antenna  (100  pm  elements)  produces  the  same 
transformed  response  and  is  shown  in  Fig  3  (b). 
The  qualitative  accuracy  of  this  approximation 
is  seen  by  the  small  amount  of  energy  in  the 
wings.  In  comparison  Fig.  4  shows  the  same  zero 
phase  transformation  for  the  log  periodic,  with 
clearly  poorer  results  due  to  the  poor  spectral 
overlap  of  the  individual  elements. 


Both  periodic  antennas  have  been  used  as 
detectors  in  linear  and  nonlinear  spectroscopic 
measurements  on  Pb  [9}  and  GaAs  [7]. 
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Figure  3.  (a)  Spiral  antenna  response  with  phase 
of  transform  set  to  zero  and  transformed  back  into 
the  time  domain,  (b)  Dipole  antenna  response 
after  identical  transformation. 
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Using  etch  techniques  it  should  be  possible  to 
reduce  the  amount  of  dispersion  for  a  given 
antenna  (10].  Both  designs  produce  peak 
amplitudes  similar  to  a  dipole  antenna,  but  an 
order  of  magnitude  larger  total  energies  are 
detected  due  to  the  broader  spectral  coverage. 

As  these  preliminary  results  were  obtained 
using  a  photoconductor  with  a  carrier 
recombination  time  of  »1  ps,  the  upper  frequency 
detectable  by  these  antennas  was  limited  to  -1 
THz.  As  our  understanding  of  LT  GaAs  improves 
[11]  these  broadband,  periodic  structures  will 
provide  improved  sensitivity  and  greater 
bandwidth.  The  smallest  feature  size  is  10  -  20 
gm,  so  the  highest  received  (as  distinguished 
from  detected)  frequencies  could  be  >  10  THz. 

CONCLUSION 

In  conclusion,  we  have  demonstrated  two  LP 
antenna  designs  for  use  with  pulsed  terahertz 
light  sources.  The  wire  log-spiral,  a  new  design, 
is  a  simplification  of  a  sinuous  spiral  which 
produces  a  smooth  spectral  response.  Both  types 


Figure  4.  Log  periodic  response  with  zero  phase 
transformation  showing  poor  chirp  linearity. 


have  an  order  of  magnitude  better  overall 
response  than  dipole  antennas  presently  in  use. 
The  wire  log-spiral  exhibits  a  smooth  chirp 
which  can  be  used  directly  for  spectroscopic 
measurements  or  removed  through  Fourier 
transform  manipulations,  resulting  in  a  short 
pulse  limited  by  the  photoconductive  switch 
response. 
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ABSTRACT 

The  transition  between  split  subbands  (design  splitting: 
5  meV)  in  n-doped  coupled  quantum  wells  is  investi¬ 
gated  by  time-domain  spectroscopy  with  ultrafast  pulses 
of  far- infrared  radiation.  This  very  strong  transition  has  a 
lincwidth  of  2.5  meV.  The  maximum  absorption  is 
observed  at  4.2  meV  photon  energy,  lower  than  the 
design  splitting.  We  attribute  this  down-shift  of  the  peak 
absorption  tentatively  to  the  influence  of  many-body 
interactions  which  lead  to  correction  terms  for  the  calcu¬ 
lated  transition  energy  in  the  same  order  of  magnitude  as 
the  transition  energy  itself. 

INTRODUCTION 

Two  quantum  systems  with  energy  levels  in  resonance 
with  each  other  experience  a  splitting  of  these  levels 
when  the  wavefunctions  of  the  systems  overlap.  In  semi¬ 
conductor  structures  consisting  of  pairs  of  closely  spaced 
quantum  wells  the  wavcfunction  overlap  of  charge  ear¬ 
ners  in  the  wells  leads  to  a  novel  kind  of  intersubband 
transition.  To  date,  this  transition  has  been  studied  by 
interband  absorption  and  luminescence  [1-5]  and,  most 
recently,  by  four- wave-mixing  experiments  [6],  Here,  we 
report  of  the  first  direct  absorption  measurements  of  the 
split-subband  transition  in  coupled  quantum  wells. 


SAMPLE 

The  results  discussed  here  are  obtained  with  a  sample 
consisting  of  50  periods  of  pairs  of  identical  square 
potential  quantum  wells  grown  by  gas-source 
molecular-beam-epitaxy.  Each  pair  is  formed  by  two 


80  A  thick  GaAs  layers  separated  by  a  31  A  (1 1  mono- 
layers)  wide  AIo.3Gao.7As  barrier.  200  A  thick 
Alo.3Gao.7As  buffer  layers  isolate  the  double  quantum 
wells  from  each  other.  The  buffer  layers  are  n-doped 
providing  modulation-doping  (nwell,  =  1.2  x  1017  cm-3) 
to  the  quantum  wells.  The  whole  stack  of  quantum  wells 
is  sandwiched  between  500  A  thick  layers  of  undoped 
Alo.3Gao.7As.  5000  A  thick  n-doped  Alo.3Gao.7As 
layers  (n  =  1.5  x  10n  cm-3)  on  the  top  and  the  bottom 
of  the  stack  prevent  the  formation  of  a  depletion  zone  in 
the  well  region  ensuring  flatband  conditions.  The  back¬ 
side  of  the  sample  is  polished  to  allow  transmission 
measurements. 

The  amount  of  splitting  of  the  resonant  levels  can  be 
estimated  by  solving  the  eigenvalue  equation  for  coupled 
square  wells.  For  the  parameters  of  our  sample  we  calcu¬ 
late  a  design  splitting  of  5  meV  (corresponding  to  a  fre¬ 
quency  of  1.25  THz).  Bandbending  by  the  dopants  and 
many-particle  effects  are  not  included  in  this  calculation. 
At  our  doping  densities  we  expect  the  bandbending 
effects  to  be  of  minor  importance  [7], 


We  measure  the  absorption  spectrum  of  the  split- 
subband  transition  by  time-domain  spectroscopy.  Infor¬ 
mation  about  the  dispersion  and  absorption  properties  of 
the  sample  is  extracted  by  Fourier  analysis  from  the 
change  of  the  shape  of  an  ultrashort  light  pulse  propagat¬ 
ing  through  the  sample. 

Fig.  1  gives  a  schematic  representation  of  the  setup 
of  our  time-domain  spectrometer  (similar  to  that  of  [8]). 
The  far- infrared  pulses  needed  for  our  experiment  are 
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generated  in  a  photoconducting  dipole  antenna  [9],  The 
dipole  consists  of  a  50  [tm  long,  5  urn  wide  and  0.25  pm 
thick  gold  strip  on  a  sapphire  wafer.  A  5  pm  wide  gap  in 
the  middle  of  the  strip  is  centered  on  a  0.6  pm  thick  pho¬ 
toconducting  silicon  mesa  that  has  been  radiation  dam¬ 
aged  with  350  keV  silicon  ions  at  a  dose  of  5  x  10 14 
cm-2  to  obtain  a  subpicosecond  photocurrent  decay 
time.  The  antenna  is  biased  with  9  V  across  the  gap. 
Optical  generation  of  carriers  in  the  photoconductor  with 
100  fs  long  light  pulses  from  a  balanced  colliding  pulse 
mode-locked  (CPM)  dye  laser  produces  an  ultrashort 
burst  of  electrical  current  in  the  antenna  which  radiates 
off  a  terahertz  bandwidth  electromagnetic  pulse.  Most  of 
the  power  is  directed  into  the  sapphire  substrate.  This 
part  of  the  radiation  is  coupled  into  free  space  by  a 
hyper-hemispherical  silicon  lens  glued  on  the  backside 
of  the  sapphire  substrate.  The  emerging  beam  forms  a 
cone  with  a  full  angle  of  about  25°.  The  radiation  is  first 
collimated  by  an  off-axis  paraboloidal  mirror,  then 
focused  onto  the  sample  by  a  second  paraboloidal  mir¬ 
ror.  The  diameter  of  the  focal  spot  is  600  -  700  pm. 
Another  set  of  paraboloidal  mirrors  focuses  the  transmit¬ 
ted  beam  onto  a  second  dipole  antenna  used  to  detect  the 
waveform  of  the  terahertz  radiation  via  photoconductive 
sampling.  The  terahertz  segment  of  the  experimental 
setup  is  placed  in  a  chamber  flooded  with  nitrogen  gas  to 
eliminate  background  absorption  by  the  water  vapor  in 
the  air  [101. 


The  sample  is  mounted  on  the  cold-finger  of  a 
continuous-flow  helium  cryostat  equipped  with  3  mm 
thick  high-resistivity  (10  k£2cm)  silicon  windows.  To 
observe  the  split-subband  absorption,  the  sample  is 
placed  under  Brewster’s  angle.  We  also  perform  control 
measurements  with  the  sample  rotated  to  a  position  per¬ 
pendicular  to  the  beam.  In  this  geometry,  with  the  polari¬ 
zation  of  the  radiation  perpendicular  to  the  growth  direc¬ 
tion  of  the  quantum  well  stack,  polarization  selection 
rules  forbid  split-subband  absorption. 


EXPERIMENTAL  RESULTS 

In  Fig.  2,  the  waveforms  of  terahertz  bandwidth  far- 
infrared  pulses  detected  after  propagation  through  the 
sample  under  Brewster’s  angle  are  shown  for  sample 
temperatures  of  10  K  (solid  line),  30  K  (dashed  line)  and 
100  K  (dotted  line),  respectively.  Room  temperature  data 
are  not  shown  explicitly,  because  the  waveform  at  300  K 
closely  follows  that  for  100  K.  At  300  K,  the  far-infrared 
pulse  suffers  hardly  any  attenuation  resulting  from  the 
excitation  of  intersubband  transitions  because  the  elec¬ 
trons  populate  the  lower  and  the  higher  subband  nearly 
equally.  The  split-subband  absorption  is  compensated  to 
a  great  extent  (theoretically  about  95  %)  by  stimulated 


Laser  Beam  Laser  Beam 


Fig.  1  Time-domain  far-infrared  spectrometer  setup 
covering  the  photon  energy  range  0-9  meV. 
The  terahertz  beam,  generated  in  photoconduct¬ 
ing  dipole  antennas,  can  be  focused  with  para¬ 
boloidal  mirrors  to  the  diffraction  limit  of 
several  hundred  micrometers. 


Time  (ps) 


Fig.  2  Time  dependence  of  the  detected  amplitude  of 
the  far-infrared  light  pulse  after  propagation 
through  the  sample  under  Brewster’s  angle. 
Sample  temperatures:  100  K  (dotted  line),  30  K 
(dashed  line)  and  10  K  (solid  line). 
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emission.  For  temperatures  below  100  K,  we  observe  a 
reduced  amplitude  in  the  trailing  part  of  the  transmitted 
terahertz  pulse  and  a  strongly  damped  ringing  at  the  tail 
of  the  pulse.  Both  the  attenuation  and  the  ringing  are 
attributed  to  the  intersubband  excitation  of  electrons  that 
now  occupy  mostly  states  in  the  lower  subband. 

Fig.  3  shows  the  Fourier  transforms  of  the  terahertz 
pulses  of  Fig.  2  revealing  the  spectral  dependence  of  the 
intersubband  absorption.  As  discussed  above,  the  pulse 
spectrum  without  absorption  is  given  by  the  curve  for  a 
sample  temperature  of  100  K.  For  lower  temperatures, 
the  amplitude  of  the  Fourier  transforms  is  reduced  in  the 
frequency  range  around  1  THz,  but  remains  unchanged 
for  very  high  and  very  low  frequencies.  The  frequency 
dependence  of  the  absorption  does  not  seem  to  change 
with  temperature. 

In  Fig.  4,  results  of  a  control  measurement  with  the 
sample  rotated  to  a  position  perpendicular  to  the  beam 
are  displayed.  The  Fourier  transforms  of  pulses  transmit¬ 
ted  through  the  sample  at  temperatures  of  100  K  (solid 
line),  30  K  (dashed  line)  and  10  K  (dotted  line)  hardly 
differ  from  each  other.  This  corroborates  the  theoretical 
prediction  that  no  intersubband  absorption  can  be 
obtained  if  the  polarization  of  the  terahertz  radiation  lies 
in  the  plane  of  the  quintum  wells.  Another  important 
conclusion  concerns  the  free-carrier  absorption  by  the 


Fig.  3  Fourier  transforms  of  the  far-infrared  light  pulse 
after  propagation  through  the  sample  placed 
under  Brewster’s  angle.  Sample  temperatures: 
100  K  (dotted  line),  30  K  (dashed  line)  and  10 
K  (solid  line). 


electrons  in  the  quantum  wells  and  the  doped  layers 
sandwiching  the  quantum  wells.  From  our  experiments 
we  are  not  able  to  determine  the  absolute  contribution  of 
the  free-carrier  absorption  to  the  attenuation  of  the 
terahertz  radiation.  With  the  results  of  Fig.  4  we  can, 
however,  rule  out  that  free-carrier  absorption  impedes 
the  interpretation  of  the  temperature  dependence  of  our 
data  ar  caused  by  the  split-level  absorption.  Free-carrier 
absorption  does  not  vanish  when  the  sample  is  rotated.  If 
free-carrier  absorption  would  significantly  contribute  to 
the  attenuation  of  the  terahertz  radiation  and  would 
change  noticeably  with  temperature  as  has  been  found 
under  certain  conditions  [11],  we  should  observe  a 
change  of  absorption  with  temperature  also  if  the  polari¬ 
zation  of  the  radiation  is  parallel  to  the  plane  of  the 
quantum  wells. 

From  the  data  for  100  K  (or  300  K)  and  10  K  plotted  in 
Fig.  3,  we  deduce  the  lineshape  of  the  absorption.  Fig.  5 
shows  the  absorbance  of  the  sample,  i.e.  the  quantity 
-log  to  (T).  T  is  the  power  transmission,  T  = 
|£(L,G))l2/l£(0,a))l2,  of  a  terahertz  pulse  £(0,t)  pro¬ 
pagating  through  the  quantum  well  stack.  To  calculate 
the  absorbance,  we  use  the  Fourier  transforms  of  the  data 
for  100  K  and  10  K  as  £(0,(O)  and  £(£,to),  respec¬ 
tively.  The  absorption  line  peaks  at  a  photon  energy  of 
4.2  meV  (v=  1.05  THz),  0.8  meV  lower  than  the  design 


Fig.  4  Control  measurement:  Fourier  transforms  of  the 
far-infrared  light  pulse  after  propagation 
through  the  sample  placed  perpendicular  to  the 
beam.  Sample  temperatures:  100  K  (dotted 
line),  30  K  (dashed  line)  and  10  K  (solid  line). 
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Fig.  5  Lineshape  of  the  spiit-subband  absorption 

splitting.  The  width  of  the  line  is  2.5  meV,  its  shape  is 
asymmetric  extending  to  the  high  frequency  side. 


THEORY 


A  theoretical  description  of  the  absorption  process  can 
closely  follow  the  approach  developed  for  the  modeling 
of  the  intersubband  absorption  in  interface  accumulation 
layers  [12.13]  and  in  single  quantum  wells  [14].  The 
quantum  well  region  in  the  sample  is  described  as  an 
ensemble  of  two-level  systems.  The  lower  level  is 
significantly  populated  making  it  necessary  to  include 
many-particle  interactions  into  the  theory.  The  ensemble 
is  characterized  by  a  dielectric  tensor  with  vanishing 
non-diagonal  components.  The  diagonal  components  for 
the  directions  parallel  to  the  surface  are  identical.  They 
consist  of  the  background  dielectric  constant  e0  plus  a 
Drude  term  for  the  plasma  contribution: 


eM((D)  =  ew(©)  =  eN(©)  = 


-  Eq  (1  - 


^P'll 

032+j©rN 


(i) 


r,|  =  l/T||  is  the  damping  constant  for  plasma  oscilla¬ 
tions  parallel  to  the  surface  and  is  the  correspond¬ 
ing  plasma  frequency.  The  component  ex  of  the  dielec¬ 
tric  tensor  for  the  direction  perpendicular  to  the  surface 
describes  the  intersubband  absorption  under  the  presence 
of  the  plasma: 


e„(m)  =  Mo>)  =  e0  (1  + 


©§(a-P) 

2  2  (2) 
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H ©o  is  the  intersubband  transition  energy.  is  the 
homogeneous  linewidth  of  the  intersubband  transition 
describing  the  relaxation  of  the  oscillation  of  a 
wavepacket  from  one  quantum  well  to  the  other.  In  the 
context  here,  Ta  determines  the  damping  of  the  perpen¬ 
dicular  plasma  oscillations  coupled  to  the  intersubband 
absorption.  The  term  a  contains  the  frequency  of  the 
plasma  oscillations: 


a  = 


©o 


The  plasma  frequency  ©^  is  given  by: 

2  4  nNe  2f 

toplx  =  - J  , 

£o  md,ff 


(3) 
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where  N  is  the  sheet  density  of  the  electrons  and  m  is  the 
effective  electron  mass.  The  oscillator  strength  /  and  the 
effective  thickness  dtff  of  the  charge  layer  are  calculated 
with  the  following  relations  [15]: 


/  =  -^-©0<z>2. 

nf 
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e<z>  is  the  dipole  moment  of  the  transition.  Co.t (z) 
denotes  the  envelope  of  the  wave  function  of  the  lower 
and  upper  split  level,  respectively. 


The  term  P  in  Eqn.  (2)  is  a  many-particle  correction 
for  the  collective  intersubband  excitation.  It  results  from 
the  so  called  excitonlike  or  final-state  interaction  of  the 
electrons.  P  is  given  by: 


„  -2 N  7  .  .2/  sr2,  ,  dv„(n(z),z) 

i,(,)  •  ® 


Here,  is  the  exchange-correlation  potential  as  a  func¬ 
tion  of  the  density  n(z)  of  the  electrons. 

To  determine  the  attenuation  and  the  phase  shift  of  a 
pulse  propagating  through  the  quantum  well  stack  we 
model  the  sample  as  a  slab  consisting  of  the  thick  non- 
absorbing  semiconductor  substrate  and  a  thin  uniaxial 
absorbing  layer  on  top  of  iL  We  treat  the  sample  as  a 
Fabry-Perot-system  taking  into  account  multiple 
reflections  of  the  electromagnetic  wave  from  the  inter¬ 
faces  of  the  quantum  well  region.  We  can  neglect  the 
interfaces  within  the  quantum  well  region  because  the 
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wavelength  of  our  pulses  is  much  bigger  than  the  separa¬ 
tion  of  any  two  interfaces.  We  also  neglect  reflections 
from  the  backside  of  the  substrate  because  the  reflected 
pulses  do  no  temporally  overlap  with  the  main  pulse. 
The  transmission  coefficient  f(co)  of  the  sample  is  then 
given  by: 


t(to)  =  Veo 


_ 1 12*23 _ 

1  +ri2r73exp(2iklL) 


exp  (*,/,).  (9) 


tij  and  r are  the  transmission  and  reflection  coefficients 
of  the  two  interfaces  of  the  quantum  well  region.  L  is  the 
effective  thickness  of  the  quantum  well  region 
(1=50x191  A).  kl  is  the  perpendicular  component  of 
the  k-vector.  It  is  given  by  k4  =  ((o/c)Ve(o>),  with  the 
effective  dielectric  function  e((o): 


e(io)  =  e,|  (co) 


(10) 


0,  is  the  angle  between  the  propagation  direction  of  the 
incident  wave  and  the  normal  to  the  surface  of  the  sam¬ 
ple.  Using  Eqns.  (1)  and  (2),  we  obtain  from  Eqn.  (10): 
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The  absorption  resonance  is  given  by  the  pole  of  e((o). 
The  resonance  occurs  at  a  frequency  0)reI,  determined 
by: 

=  ®o  (1  +  a-P).  (12) 


Eqn.  (3).  For  the  envelope  functions  £0  and  Ci  of  the 
first  and  the  second  sublevel  we  use  as  a  simple  approxi¬ 
mation  the  wavefunctions  for  two  infinitely  deep  square 
potential  wells  separated  by  an  infinitesimally  thin  bar¬ 
rier.  The  thickness  of  each  well  is  assumed  to  be  equal  to 
the  thickness  w  =  80  A  of  the  quantum  wells  of  our 
experiment  plus  half  the  barrier  width  b  =  31  A.  The 
wavefunctions  are  given  by: 


n 

© 

/  2 
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V  2  w  +  b 

The  wavevector  k  is  equal  to  2n/(2w+b).  With  these 
expressions  the  effective  plasma  frequency  o)pU  of  Eqn. 
(4)  is  calculated  to  be  2nxl.5  THz  (fi(opU=1.5  meV). 
For  the  shift  term  a  we  obtain  a  value  of  1 .42. 

It  should  be  mentioned  here,  that  we  have  omitted  to 
include  the  coupling  of  the  collective  intersubband  exci¬ 
tations  with  the  phonons  into  the  theory.  Pinczuk  et  al. 
have  shown  that  the  inclusion  of  this  effect  can  be 
important  for  the  interpretation  of  the  resonance  shift  of 
intersubband  transitions  in  single  quantum  wells  [14]. 
The  screening  of  the  electric  field  within  the  quantum 
wells  by  the  polar  GaAs  lattice  strongly  influences  the 
resonance  position  for  energies  close  to  the  LO  and  TO 
phonon  energies.  Far  away  from  the  phonon  resonances, 
the  coupling  to  the  phonons  becomes  weak.  In  our  case 
we  obtain  for  the  shift  term  a  a  value  of  1.54  instead  of 
1.42  if  we  take  the  screening  by  the  polar  lattice  into 
account. 


The  remarkable  result  here  is  that  the  resonance  fre¬ 
quency  is  not  given  by  co0.  On  one  hand,  the  resonance 
is  shifted  by  term  a  from  to0  to  higher  energies.  Va”  is 
the  plasma  frequency  normalized  by  to0-  The  up-shift  of 
the  absorption  resonance  has  been  shown  to  be  a  conse¬ 
quence  of  the  screening  of  the  electric  field  by  the  carrier 
plasma  [12,16]  and  is  known  as  resonant  screening  or 
depolarization  effect  The  exchange-correlation  of  the 
electrons,  on  the  other  hand,  pushes  the  resonance  via 
term  P  back  towards  0)0- 


The  exchange-correlation  effect  can  be  evaluated 
with  the  help  of  Eqn.  (8).  For  the  exchange-correlation 
potential  in  Eqn.  (8),  Ando  gives  a  parameterized 
expression  [17]: 


V  XT  = 


me 


narszlti2 
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1  + 
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RESONANCE  ENERGY 

It  is  instructive  to  estimate  the  shift  of  the  absorption 
resonance  due  to  both  the  exchange-correlation  effect 
and  the  depolarization  effect  The  depolarization- 
induced  shift  of  the  resonance  energy  is  evaluated  with 


with  r,  =  (3/(4jtn))1/3me2/(R2eo)  and  a3=4/(9rt). 
Assuming  that  all  electrons  are  in  the  lower  subband,  the 
electron  density  n(z)  is  given  by  Nl£0(z)|2.  With  these 
expressions  we  can  calculate  the  shift  p  in  Eqn.  (12).  For 
a  sheet  density  of  the  electrons  of  2.3  x  1011  cm-2  we 
obtain  for  p  a  value  of  1.29. 
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Both  many-particle  effects  shift  the  resonance  energy 
by  sizable  amounts.  The  depolarization  effect  alone  - 
without  the  exchange-correlation  correction  -  would 
push  the  resonance  from  the  design  splitting  energy  fica0 
for  the  undoped  sample  of  S.O  meV  up  to  8.0  meV,  pro¬ 
ducing  a  60  %  increase.  The  exchange-correlation  effect, 
however,  counteracts  this  increase  and  nearly  compen¬ 
sates  it  by  reducing  the  resonance  energy  again  to  5.6 
meV.  In  the  experiment  the  absorption  peaks  at  4.2  meV, 
somewhat  lower  than  the  design  splitting  energy.  Recent 
mesurements  of  a  and  0  in  single  quantum  wells  yield 
similar  values  for  a  and  0  as  those  calculated  here  [18]. 


MODEL  CALCULATIONS 

Using  Eqn.  (9)  we  perform  calculations  to  model  the 
change  of  amplitude  and  shape  of  a  terahertz  pulse  pro¬ 
pagating  through  the  sample.  Results  of  such  calcula¬ 
tions  are  shown  in  Fig.  6.  In  this  time-domain  plot,  a 
pulse  transmitted  through  the  quantum  well  region  is 
displayed.  The  solid  and  the  dashed  line  represent  the 
situation  with  and  without  intersubband  absorption, 
respectively.  In  the  calculation  we  use  for  N,  (o0  and  I\ 
the  experimentally  relevant  values.  For  the  sheet  density 
of  the  electrons  we  assume  N=2.3xl0n  cm-2 
2w  +  b)),  for  o>o  we  use  the  calculated  value 
TitOo  =  5.0  meV,  and  the  perpendicular  damping  con¬ 
stant  r\  we  determine  from  the  full  width  at  half  max¬ 
imum  of  the  measured  absorbance:  =  2.5  meV. 

For  the  envelope  wavefunctions  Co  and  Ci  we  use  the 
approximations  describe  above.  For  the  plasma  fre¬ 
quency  (opix  and  the  resonance  shift  terms  a  and  0  we 
then  obtain  the  values  given  earlier:  fU opll  =  1.5  meV, 
a  =  1.54,  and  0  =  1.29.  is  assumed  to  be  negligi¬ 
bly  small.  The  incident  pulse  is  the  experimentally 
obtained  pulse  plotted  as  dotted  line  in  Fig.  1.  For  its 
angle  of  incidence,  0,-,  we  assume  0,  =  73°,  and  for  L, 
the  effective  interaction  length  of  the  light  in  the  quan¬ 
tum  well  region,  we  use  L  =  15  pm. 

In  Fig.  6,  the  intersubband  absorption  leads  to  a 
reduction  of  the  pulse  amplitude  in  the  trailing  part  of 
the  pulse.  A  strongly  damped  ringing  at  the  end  of  the 
pulse  results  from  the  polarization  oscillations  of  the 
electrons  which  have  been  excited  by  the  terahertz  pulse. 
These  oscillations  decay  with  a  time  constant  T2=2/I\ 
which  for  a  linewidth  of  640  GHz  is  T2  =  0.5  ps.  Hence, 
the  damping  is  faster  than  even  a  single  oscillation 
period  l/(2jto)r<x)=  0.8  ps.  For  a  smaller  value  of 
the  polarization  oscillations  would  produce  a  ringing  at 
the  end  of  the  pulse  which  would  last  distinctly  longer 


Time  (ps) 


Fig.  6  Calculated  time  dependence  of  a  terahertz  light 
pulse  after  propagation  through  the  sample. 
Solid  line:  with  intersubband  absorption,  doued 
line:  no  intersubband  absorption. 

than  the  original  pulse  [10].  Comparing  Fig.  6  with  Fig. 
2,  the  change  of  the  pulse  shape  obtained  in  the  model 
calculation  is  very  similar  to  that  observed  in  the  experi¬ 
ment 


LINE  BROADENING  MECHANISMS 

In  the  calculations  for  Fig.  6  we  assume  that  the  absorp¬ 
tion  line  is  purely  homogeneously  broadened.  We  have 
also  performed  model  calculations  which  assume  a 
predominantly  inhomogeneously  broadened  line  (width: 
600  GHz)  with  only  a  small  contribution  of  homogene¬ 
ous  broadening  (Ti  =  50  GHz).  Comparing  the  results  of 
these  calculations  we  find  no  significant  difference  in 
both  the  time-domain  and  the  frequency-domain  data. 
From  this  we  conclude  that  we  are  not  able  to  decide 
which  type  of  line  broadening  prevails  in  our  experi¬ 
ment 

The  model  calculations  predict,  however,  that  for  a 
much  longer  interaction  length  the  shape  of  the  transmit¬ 
ted  pulse  should  be  different  for  homogeneous  and  inho¬ 
mogeneous  line  broadening.  In  the  case  of  homogeneous 
broadening  we  should  be  able  to  observe  a  phase  shift  in 
the  trailing  part  of  the  transmitted  pulse  which  is  not 
present  in  the  calculations  for  an  inhomogeneously 
broadened  line.  This  phase  shift  over  the  length  of  the 
pulse  requires  a  strong  attenuation  of  the  pulse  which 
can  only  be  obtained  after  a  sufficiently  long  propagation 
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in  the  absolving  medium.  Experimentally  such  a  situa¬ 
tion  can  be  realized  with  a  waveguide  geometry  for  the 
sample,  e.g.  a  zigzag  structure  as  has  been  used  for  the 
measurement  of  the  intersubband  absorption  in  single 
quantum  wells  [19].  Preliminary  data  obtained  for  such  a 
structure  show  no  obvious  phase-shift  of  the  transmitted 
pulse  suggesting  that  inhomogeneous  broadening  of  the 
absorption  line  is  predominant  More  careful  measure¬ 
ments  are  needed,  however,  because  the  Fourier  analysis 
of  data  obtained  with  waveguide  structures  is  difficult. 
For  waveguides  fabricated  from  typical  semiconductor 
wafers,  the  wavelength  of  our  terahertz  pulses  is  on  the 
order  of  the  width  of  the  waveguide  (i.e.  the  thickness  of 
the  semiconductor  substrate).  Diffraction  of  the  terahertz 
beam  can  severely  distort  the  shape  of  the  pulse  and 
cause  changes  of  the  pulse  spectrum  which  do  not  result 
from  absorption. 


SUMMARY 

In  summary,  we  have  performed  the  first  direct  absorp¬ 
tion  measurements  on  the  split  subband  transition  in 
coupled  quantum  wells  by  time  domain  spectroscopy 
with  a  beam  of  far-infrared  pulses.  We  observe  a  2.5 
meV  wide  absorption  line  which  peaks  at  an  energy  of  4 
meV,  somewhat  smaller  than  the  design  splitting  energy 
of  5  meV.  Our  model  calculations  suggest  that  this 
down-shift  of  the  resonance  may  be  caused  by  many- 
body  effects. 
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ABSTRACT 

The  conductivity  or  of  superconducting  films  is  studied 
with  collimated  terahertz  radiation  from  photoconduc- 
tive  dipole  antennas.  We  measure  both  real  and  ima¬ 
ginary  part  of  the  conductivity  directly  without  using  the 
Kramers-Kronig  relations. 

INTRODUCTION 

The  optoelectronic  generation  and  coherent  detection  of 
extremely  short  electrical  pulses  with  bandwidths  in 
excess  of  several  terahertz1  • 2  have  made  possible  the 
study  of  materials  and  electronic  transport  phenomena  in 
a  previously  hardly  accessible  region  of  the  electro¬ 
magnetic  spectrum.  These  electrical  pulses  can  be  pro¬ 
pagated  in  free  space  and  collimated  as  well  as  focussed 
like  optical  pulses  using  lenses  and  mirrors.2  The 
extremely  high  signal-to-noise  ratio  of  the  electrical 
pulses  generated  by  the  photoconductive  dipole  antennas 
together  with  the  phase  sensitive  detection  scheme  out¬ 
performs  conventional  Fourier-transform  infrared  spec¬ 
trometers  in  the  terahertz  range  by  a  large  margin.  Here, 
we  use  collimated  terahertz  radiation  from  photoconduc- 
live  dipoles  to  study  the  electronic  response  of  the 
Cooper  pairs  and  of  thermally  excited  quasiparticles  in 
thin  superconducting  films.  Historically,  far-infrared  stu¬ 
dies  of  superconductors  have  been  a  crucial  factor  for  the 
theoretical  description  of  superconductivity  and  the 
agreement  of  these  studies  with  BCS  theory  has  been 
seen  as  a  validity  proof  of  the  BCS  theory.3'5 


In  our  studies,  we  investigate  the  transmission  of 
terahertz  bandwidth  radiation  of  high  temperature 
YBa2Cu307  as  well  as  conventional  niobium  supercon¬ 
ducting  films.  A  significant  distinction  between  niobium 
and  YBa2Cu307  is  the  magnitude  of  the  superconduct¬ 
ing  bandgap  2  A  in  these  materials.  Whereas  the  660 
GHz  bandgap  of  niobium  is  right  in  the  middle  of  the 
frequency  range  covered  by  the  terahertz  radiation  and 
pair  breaking  can  be  observed,  the  bandgap  of 
YBa2Cu307  is  well  above  this  range 
(3. 52- kTc  =  6.7  THz).  However,  we  will  show  that  the 
subbandgap  response  of  the  Cooper  pairs  provides  infor¬ 
mation  about  such  important  quantities  as  the  coupling 
strength  of  the  electron-electron  interaction  and  the  mag¬ 
netic  penetration  depth. 

PHENOMENOLOGY 

Superconductors  below  the  superconducting  transition 
temperature  Tc  are  characterized  by  the  bandgap  2A,  the 
magnetic  penetration  depth  X(T),  a  coherence  length 
and  the  electron  mean-free-path  /.  Whereas  above  the 
critical  temperature  Tc  the  conductivity  can  be  described 
by  the  Drude  formula  with  frequency  dependent  effec¬ 
tive  mass  tn  and  momentum  scattering  time  x*,6  the 
condensation  of  the  Cooper  pairs  below  Tc  introduces  a 
large  imaginary  component  ct2  of  the  conductivity.  This 
imaginary  part  of  the  conductivity  is  intimately  related 
with  the  condensation  of  the  Cooper  pairs  and  is  in  fact 
an  immediate  consequence  of  superconductivity.7  Most 
important,  the  expression  for  the  imaginary  part  of  the 


*  Lincoln  Laboratory  work  was  conducted  under  the  auspices  of  the  Consortium  for  Superconducting  Electronics  with 
full  support  by  the  Defense  Advanced  Research  Projects  Agency. 
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conductivity  can  be  derived  from  elementary  sum  rules 
and  therefore  is  independent  of  the  theoretical  model  for 
the  superconductor:7 

o2  =  2  Alnui  (1) 

Here  A  is  the  famous  "missing  area"  in  the  normal-state 
conductivity  when  the  Cooper  pairs  condensate.7  The 
missing  area  A  is  correlated  with  the  coupling  strength  of 
the  superconducting  pairs  and  it  can  be  shown  that 
A  =  xc/2}0.o A.2,  where  X  is  the  magnetic  penetration 
depth.7  In  YBa2Cu307,  the  Drude  conductivity  has 
almost  its  entire  oscillator  strength  below  the  gap  value 
2A,8  in  which  case  X  acquires  the  full  London  value 
XL  =  (m' /VL0ne2)*. 


Fig.  1  Schematic  of  the  time  domain  terahertz  spec¬ 
trometer 


EXPERIMENTS 

Figure  1  shows  the  experimental  setup  of  our  time- 
domain  terahertz  spectrometer,  which  is  similar  to  the 
one  described  by  van  Extcr  ct  al2  with  the  addition  of  the 
intermediate  focusing  optics  used  to  focus  the  terahertz 
beam  to  a  diffraction  limited  spot  size  at  the  location  of 
the  sample.  Terahertz  radiation  is  generated  by  a  100 
pm  half-wave  dipole  antenna  on  a  radiation-damaged 
silicon-on-sapphirc  substrate. 1  The  radiation  is  coupled 
into  free  space  by  a  hypcrhcmispcrical  silicon  substrate 
lens.9-2  The  full  angle  of  the  electro-magnetic  radiation 
is  roughly  25°.  This  radiation  cone  is  subsequently  col¬ 
limated  to  a  25  mm  diameter  beam  by  an  off-axis  para¬ 
boloidal  mirror.  This  arrangement  is  repeated  on  the 
detector  side,  where  a  second  pbotoconductivc  dipole 
serves  as  a  receiver  for  the  terahertz  radiation.  The 
superconducting  films  arc  placed  in  a  continuous-flow 
cryostat  equipped  with  3-mm  thick  fused  quartz  win¬ 
dows  placed  at  the  focus  in  the  center  of  the  setup.  The 
temperature  in  the  cryostat  can  be  continuously  varied 


between  300  K  and  2  K.  The  spectrum  of  the  radiation 
from  the  100  pm  antennas  extends  to  roughly  1.2  THz 
with  a  peak  at  600  GHz. 1 

o 

Figure  2  shows  the  time  domain  data  for  the  500A 
YBa2Cu307  film  for  four  temperatures  just  above  and 
below  Tc.  Besides  the  reduction  in  amplitude  due  to  the 
increased  reflectivity  of  the  sample  below  the  supercon¬ 
ducting  transition,  the  most  apparent  change  is  a  phase 
shift  below  Tc  that  increases  with  decreasing  tempera¬ 
tures.  This  phase  shift  is  the  signature  of  the  supercon¬ 
ductor  and  is  proportional  to  the  imaginary  (inductive) 
component  of  the  conductivity.  For  a  thin  conducting 
layer  much  thinner  than  the  wavelength  of  the  terahertz 
radiation,  the  boundary  conditions  at  the  superconduct¬ 
ing  film  can  be  solved  quite  easily  and  both  real  and 
imaginary  part  of  the  conductivity  can  be  extracted  from 
the  transmitted  spectra: 

£(co)  =  T-TTT 77TT£°((0)  (2) 

Y+  +  a,(w) 

In  Eq.  2,  Y+  =  1  /Z0  +  1  /Z [ ,  where  Z0  is  the  impedance 
of  free  space  and  Z ,  the  impedance  of  the  substrate,  and 
o,  is  the  sheet  conductivity  in  units  of  £2_1 .  £(a>)  is  the 
transmitted  electric  field  and  E0(o))  is  the  field  transmit¬ 
ted  through  the  substrate  alone  without  the  supercon¬ 
ducting  film.  Solving  Eq.  2  for  a, (to),  both  the  real  and 
the  imaginary  part  of  the  conductivity  are  obtained.  In 
Fig.  3  we  plot  the  real  part  of  the  conductivity  Oi  as  a 
function  of  frequency  with  temperature  as  a  parameter. 


Fig.  2  Time  domain  waveforms  for  1 10  K  (solid),  90 
K  (doued),  80  K  (dashed)  and  25  K  (solid). 
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Fig.  3  Real  part  0  i  of  the  conductivity.  The  open  cir-  Fig.  4  Imaginary  part  02  of  the  conductivity.  Open 
cles  show  the  experimental  curves,  the  solid  circles  are  experimental  results,  solid  lines  are 

lines  are  fits  to  the  ln(A /kT)  dependence  fits  to02  =  l/(op.o^2- 

expected  from  the  BCS  theory. 


The  graph  includes  the  experimental  data  as  well  as 
theoretical  curves  using  the  frequency  dependence 
expected  from  the  BCS  theory: 10- 11 

a,  2A  e^kT 

h[«(r)A/»M1’  (3) 

with 

q(T)  =  2.3*77  A  +  6(*77A)3.  (4) 

Above  Tc,  Oi /0,  =  1  by  definition,  which  is  fulfilled 
very  well  for  our  data  above  Tc.  Below  Tc,  a \  initially 
actually  rises  above  o,  and  increases  as  to  — >  0.  This 
behavior  is  anticipated  from  the  logarithmic  divergence 
in  Eq.  (3).  For  50  K,  the  magnitude  of  0t  becomes 
smaller  again  due  to  the  exponential  freeze-out  of  the 
electrons.  Although  the  fact  that  the  conductivity  is 
highest  at  70  K  and  exceeds  the  normal  state  conduc¬ 
tivity  is  predicted  for  pure  BCS  superconductors,12  but 
is  unexpected  for  YBa2Cu307  with  their  smeared  out 
density  of  states. 

In  Fig.4,  we  plot  the  imaginary  part  o2(d))  of  the 
conductivity  normalized  to  the  normal-state  conduc¬ 
tivity.  Clearly,  at  the  lowest  temperature,  02  shows  the 
1/(0  divergence  predicted  from  the  sum  rule  (Eq.  1). 
Even  above  7",.,  02  is  not  zero  because  of  the  long  ine¬ 
lastic  scattering  times  in  YBa2Cu307,  which  lead  to  an 
appreciable  imaginary  part  of  the  Drude  conductivity. 


O 

At  the  lowest  temperature,  we  derive  A.=  1600  A  from 
Fig.  4  with  the  aid  of  Eq.  1,  a  value  for  the  magnetic 
penetration  depth  that  is  close  to  the  one  measured  by 
other  techniques  on  thin  superconducting  YBa2Cu307 
films. 


MEASUREMENTS  ON  NIOBIUM 

As  a  comparison,  we  also  measure  the  terahertz 
transmission  of  superconducting  niobium  films  above 
and  below  the  transition  temperature.  In  Fig.  5,  we 
display  results  on  100  A  thick  niobium  films  deposited 
on  a  sapphire  substrate  at  Lincoln  Laboratories. 

As  the  the  temperature  is  lowered  below  the  transi¬ 
tion  temperature  Tc  =  6.25  K,  the  waveform  changes  its 
shape  significantly.  Most  important,  unlike  in 
YBa2Cu3C>7  films,  the  transmitted  signal  below  the 
transition  temperature  below  Tc  is  actually  higher  than 
in  the  normal  state.  Palmer  and  Tinkham3  in  their 
pioneering  work  on  far- infrared  transmission  of  ultrathin 
lead  films  have  shown  that  this  is  a  consequence  of  the 
superconducting  bandgap:  at  the  frequency  of  the  super¬ 
conducting  gap  2A,  the  transmission  coefficient  exhibits 
a  peak  and  the  ratio  TSIT„  exceeds  unity. 
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Fig.  5  Time-domain  terahertz  transmission  data  for  a 
niobium  film  at  7  K  (dashed)  and  at  2  K  (solid). 

This  behavior  is  confirmed  by  our  terahertz  transmis¬ 
sion  experiments.  Figure  6  plots  the  ratio  of  the  power 
transmission  coefficient  in  the  superconducting  and  nor¬ 
mal  state.  A  peak  appears  at  470  GHz,  extremely  close 
to  the  BCS  value  for  the  gap  frequency  2A=3.52  kTc. 

In  this  context,  we  would  like  to  remark  that  this 
peak  in  the  transmission  is  only  present  in  the  extreme 


Frequency  (THz) 


Fig.  6  Ratio  T ,!T K  of  the  transmission  coefficient 
above  and  below  the  transition  temperature. 


anomalous  or  extremely  dirty  limit  of  superconductivity. 
In  the  London  limit,  which  is  applicable  to 
YBa2Cu307,  the  full  London  value  of  c2  dominates 
the  transmission  (and  reflection),  and  no  peak  is 
observed,  even  if  the  bandwidth  of  the  electrical  pulses 
was  high  enough  to  reach  the  superconducting  bandgap. 
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I.  INTRODUCTION 

Adding  to  the  success  of  optoelectronics  in  fiber¬ 
optic  transmission  and  optical  recording,  there  still 
regains  a  challenging  peak  of  optical  information 
processing.  Introduction  of  optical  technology  in  the 
field  of  information  processing  Hill  be  justified  when 
the  intrinsic  properties  of  optical  media  such  as  very 
fast  response  (1)  and  parallelism  (2)  are  fully 
exploited.  A  series  of  fundamental  researches  have 
been  made  along  the  line  of  all  optical  processing, 
vhere  replacement  of  all  the  electronic  devices  Hith 
optical  devices  should  help  getting  rid  of  RC  time 
constant  constraints.  This  approach,  however,  turned 
out  to  be  rather  futuristic,  in  the  sense  that  there 
still  remain  too  many  premature  components  yet  to  be 
developed  before  the  total  ultrafast  pure  optical 
signal  processing  system  will  be  brought  to  reality. 

In  comparison,  a  partial  introduction  of  optical 
technology  into  electronic  integrated  circuits  sounds 
more  realistic  because  a  number  of  important  peripheral 
technologies  so  far  developed  in  the  past  can  be 
utilized.  This  we  call  as  optoelectronic  processing. 
One  of  the  optoelectronic  approaches  is  the  realization 
of  optically  controlled  optical  switches  where  the 
device  principle  involves  electronic  processes.  As  the 
most  successful  example  the  self-electrooptic  device 
(SEED)  utilizes  the  photovoltaic  action  to  induce  the 
quantum  confined  Stark  effect  by  optical  addressing, 
thus  giving  rise  to  the  switching  of  optical  signal 
(  optically  three  terminal  device).  Leaving  the 
description  of  SEED  to  the  recent  review  (3),  the 
present  paper  deals  with  our  alternative  approach  where 
EO  and  OE  conversion  devices  will  be  assembled  on  a 
hybrid  circuit.  Then  some  discussions  on  the 
inspection  of  GaAS  IC  by  electrooptic  sampling  will 
follow. 

II.  VERY  SHORT  OPTICAL  PULSE 
GENERATION 

The  semiconductor  laser  is  by  far  the  most  practical 
light  source  for  electronics  in  comparison  with  other 


laser  systems.  Highly  repetitive  ultrashort  pulses  can 
be  obtained  from  actively  modelocked  lasers  successful¬ 
ly  (4).  Only  disadvantage  of  this  scheme  is  the  fixed 
repetition  frequency  which  makes  it  somewhat  difficult 
to  use  it  with  digital  circuits  operating  with  an 
independent  clock  source.  Gain  switched  semiconductor 
lasers  are  the  alternative  options  capable  of  arbitrary 
repetition,  on  which  we  have  made  several  trials.  Use 
of  multi-quantum  well  (HQW)  lasers  was  found  to  be 
favorable  (5)  for  their  high  gain  when  they  are  driven 
to  upper  sub-level  (n=2), though  the  carrier  leakage  at 
high  density  excitation  must  be  carefully  treated  for 
optimization  (6).  Advantage  of  HQW  laser  was  also 
demonstrated  at  1.3  micron,  achieving  the  pulse  width 
less  than  4  ps  (7).  Various  compression  techniques  are 
also  applicable  to  semiconductor  laser  pulses  (8), (9). 
Recently  we  have  examined  the  pulse  shaping  effect  of 
nonlinear  gain  in  semiconductor  laser  amplifiers.  The 
depletion  of  population  inversion  after  the  passage  of 
large  amplitude  signal  pulse  leaves  only  low  gain  at 
the  tail  part  of  the  pulse,  thus  very  effective  to 
suppress  the  optical  energy  residing  at  the  tail  part. 
This  effect  was  demonstrated  to  be  very  much  pronounced 
when  reflected  wave  amplifier  (RWA)  configuration  was 
employed  for  a  InGaAsP  laser  (10). 

I  I  I.  VERY  SHORT  ELECTRICAL 
PULSE  GENERATION 

Photodiodes  and  fast  photoconductors  are  useful  as 
optically  triggered  electrical  switches. 

Photoconductive  switches  with  reduced  recombination 
lifetime  was  used  as  the  sampling  gate  by  Auston  (11). 
GaAs  based  integrated  optoelectronic  circuits  were 
implemented  with  optical  triggering  technique  by 
Leonberger  (12).  The  present  author’s  group  has  been 
trying  to  use  GaAs  MSN  photodiodes  as  the  very  short 
electrical  pulse  generator.  Composite  photodiode 
configuration  as  had  been  tried  for  jnP  by  Hori  et  al. 
(13),  was  applied  to  high  mobility  GaAs  homoepitaxial 
structure  (14).  Delayed  optical  pulse  excitation  was 
used  for  the  generation  of  electrical  pulse  less  than 
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30  ps  wide  with  reasonably  high  efficiency.  Excitation 
of  twin  photodiodes  which  are  connected  to  a  pair  of 
transmission  lines  with  different  lengths  was  proven  to 
act  similarly  effective  (15). 

IV.  I  M  EGRATKl)  OPTOK  1.  LCTkON  I  C 
LOG  I  C 

If  an  array  of  photoelectric  switches  with  high  speed 
and  efficiency  and  high  speed  are  integrated  to  form  a 
logic  unit  with  patterned  optical  address,  there  are 
possibilities  of  combining  parallel  and  high  speed 
features  in  optoelectronic  digital  processing.  A  new 
configuration  of  logic  unit  for  "exclusive  OR  =  EOR” 
was  proposed  and  was  implemented  by  a  combination  of 
GaAs  MSM  photodiodes  (Fig.l  and  2)  (16). 


Typical  results  of  photoelectric  response  are  shown 
in  Fig. 3  (X  =  1,  Y  -  0)  and  Fig. 4  (X  -  1,  Y  -  1).  For 
the  case  of  Fig. 4  the  positive  partial  current  supplied 
by  the  voltage  sources  V  and  V  is  compensated  by  the 
negative  partial  current  from  V  thus  giving  rise  to 
null  output.  Full  width  at  half  maximum  was  between  80 
and  100  ps.  The  clock  frequency  around  5  GHz  should  be 
feasible.  One  problem  arising  from  connecting  two 
photodiodes  in  series  such  as  in  AND  unit  or  in  a  part 
of  EOR  unit  is  the  pattern  effect  due  to  the  charge  up 
process  when  only  one  photodiode  was  illuminated.  To 
solve  this  shunt  resistors  were  provided  to  individual 
photodiodes  so  that  discharging  process  will  become 
faster.  Shunt  resistivity  ranging  200  and  500  Ohm  was 
found  to  be  effective. 


Fig.l  Proposed  exclusive  OR  composed  of  GaAs 

MSM  photodiode  switches.  Fig. 3  Experimental  result  of  EOR  for  X- 1 , Y=0  input. 


Fig. 2  A  part  of  mask  pattern  accomodating  two  pairs  of 
MSM  photodiodes  with  trench  isolation  of  closely 
placed  PD's. 


Fig. 4  Experimental  result  of  EOR  for  X-1,Y=1  input. 
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Figure  5  shows  a  concept  of  hybrid  construction  of  4 
bit  full  adder.  It  is  assumed  that  4  bit  signals  X  and 
Y  are  encoded  into  dot  pattern  and  duplicated  by  a  lens 
array,  forming  a  pair  of  8  dot  images  [X,Y).  The  output 
current  from  each  logic  unit  will  be  aaplified  by 
integrated  transistors  and  will  drive  the  surface  emit- 
ting  diode  laser  array.  Then  the  output  optical 
patterns  are  fed  to  the  photoelectric  logic  units  again 
with  beaa  splitter  arrangement.  After  some  iterative 
operation  of  OE  and  EO  units,  the  output  patterns  Z  =  X 
+  Y  will  be  extracted. 


OUTPUT  SIGNAL 


Fig. 5  Basic  concept  of  hybrid  configuration  of 
Four  bit  full  adder. 


Iapleaenting  the  construction  of  Fig. 5  requires  some 
addition  of  new  technologies.  Important  items  to  be 
solved  are  (1)  power  amplification  of  PD  output  by  a 
booster  transistor  to  drive  LD,  (2)  high  band  width 
electrical  connection  of  OELA  and  EOCA  by  non  wire 
bonding  techniques,  (3)  electrooptic  switching  (EDS) 
plate  for  the  extraction  of  output  signal  pattern  by 
rotating  the  axis  of  polarization.  In  Fig. 6  another 
projection  is  depicted  where  a  monolithic  assembly  of 
surface  emitting  diode  laser  array  and  optoelectronic 
logic  array  is  assumed.  Microoptic  components  are  also 
essential  constituents  for  the  assembly  of  this  logic 
unit(17).  To  be  specific  we  have  studied  experimentally 
close  loop  gain  condition  of  PD-Transistor-LD  (18). 

We  have  designed  and  fabricated  an  MSM  PD-  single  stage 
2DEGFET  inverter  combination  (Fig. 8)  by  the  courtesy  of 
the  Hitachi  Central  Research  Laboratory  GaAs  integrated 
circuit  group.  Voltage  gam  of  6dB  with  140ps  pulse  was 
confirmed.  With  some  extrapolation  of  the  potential 
performance  in  lasers  and  transistors  by  referring  to 
the  recent  reports,  power  budget  diagram  was  drawn  in 
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V.  PRACTICAL  L-O  SAMPLING 
By  S KM  I  CON  DC  TOR  LAS  HR 
LOR  G a  A  s  1C  TKST1NC 

To  bridge  the  present  technology  of  picosecond  opto¬ 
electronics  concentrating  mostly  on  discrete  or  small 
scale  integrated  devices  and  the  future  technology  of 
multi-Gbit/s  optoelectronic  signal  precessing,  it  would 
be  very  favorable  if  any  kind  of  industrial  products 
using  picosecond  optoelectronic  technology  will  start 
to  be  on  sale.  One  of  the  most  promsing  candidates 
would  be  the  product  of  metrological  instruments  with 
high  temporal  definition.  For  example  the  electrooptic 
sampling  system  offers  capability  of  devices  and 
integrated  circuit  inspection  with  picosec  resolution 

(19), (20).  Especially  semiconductor  laser  based  system 
(21)  will  be  more  and  more  attractive  from  practical 
point  of  view.  We  have  made  efforts  to  further  improve . 
the  performance  by  the  introduction  of  diode  laser 
amplifier  into  the  desk-top  electrooptic  sampling 
apparatus  for  GaAs  IC  inspection  (22).  Also  it  was 
devised  that  low  noise  signal  detection  by  lock-m 
technique  become  applicable  without  modulating  the 
electrical  signal  by  the  introduction  of  polarization 
modulation  of  probe  optical  beam  (23). 


V  I  .  SUMMARY 

In  summary,  (a)  it  was  claimed  that  gain-switched 
semiconductor  lasers  are  suitable  source  for  high 
repetition  triggering  of  electronic  circuits;  (b)  For 
testing  GaAs  IC’s  by  optical  means  with  low  jitter, 
optically  triggered  electrical  pulse  generation  was 
tried;  (c)  A  novel  integrated  optoelectronic  logic  unit 
based  on  photodiode  gates  was  proposed  and  examined 
experimentally;  (d)  a  consideration  was  made  on  PD-2DEG 
FET-LD  close  loop  gain  condition  based  on  some 
preliminary  experiments  on  PD-FET  inverter; 

(e)  Semiconductor  laser  based  electrooptic  sampling 
systems  were  improved  in  the  hope  of  bridging  the 
present  technological  needs  and  the  future  target  of 
picosecond  industry. 


The  author  thanks  the  laboratory  colleagues  for 
their  helps  in  the  preparation  of  the  paper.  He  would 
like  to  express  his  sincere  gratitude  to  many  Japanese 
industry  researchers  for  thier  generous  helps  both  in  e 
xperimental  means  and  in  open  minded  discussions. 
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Introduction 

Excitonic  electroabsorption  has  been  used  recently 
to  detect  ultrafast  electrical  transients  in  ultra-thin 
quantum  well  coplanar  striplines  with  time  resolution 
as  fast  at  180  fs  [1].  The  use  of  thin  films  of  quantum 
wells  as  both  generator  and  detector  of  electrical  signals 
with  coplanar  stripline  interconnection  results  in  several 
interesting  capabilities.  First,  since  the  exciton  exhibits 
a  sensitive  saturation  response  with  resonant  excitation, 
it  can  be  used  as  an  in-situ  calibration  of  the  excitation 
and  probing  response  functions.  This  nonlinear 
response  is  instantaneous,  since  it  is  based  on  excitonic 
phase  space  filling  [2].  Second,  the  exciton  exhibits 
sensitive  electroabsorption  in  either  parallel  (field 
ionization  mode)  or  perpendicular  (quantum-confined 
stark  effect  -  field  ionization  inhibited  mode)  electric 
fields  [3].  In  the  present  case,  we  use  the  parallel  field 
effect  because  it  easily  adapts  to  high  speed  geometries 
like  the  coplanar  stripline  (CPS).  By  focusing  the  probe 
beam  to  a  1  micron  spot,  we  can  make  space  and  time 
resolving  electroabsorption  measurements  with  150  fs 
time  resolution  which  provide  information  about  the 
microscopic  internal  electric  fields.  We  can  also 
determine  the  static  field  profile  at  the  generation  and 
detection  points.  In  the  present  paper,  we  show  several 
examples  of  these  points  and  demonstrate  full  2-d 
space-time  mappings  of  propagating  femtosecond 
electrical  signals. 


Nonlinear  Optical  and  Electrical  Response  Time 

In  the  experiments,  we  use  an  infrared  colliding 
pulse  modelocked  dye  laser  producing  85  fs  pulses  at 
820  nm  at  160  MHz  repetition  rate  [4]  with  high 
frequency  phase  sensitive  detection.  The  samples  are 
grown  by  molecular  beam  epitaxy,  consisting  of  0.4 
microns  of  quantum  wells  on  a  0.35  micron  AlGaAs 
stop-etch  layer.  A  10  micron  gold  coplanar  stripline  is 
patterned  on  the  sample  and  the  substrate  is  etched  away 
with  a  selective  chemical  etch,  leaving  a  free-standing 
membrane  of  about  1  by  2  mm.  First,  the  pump-probe 
response  is  measured  with  the  beams  overlapped 
(Figure  la).  Then  the  pump  beam  is  focused  into  the 
stripline.  With  an  applied  bias  voltage,  the  resulting 
carrier  injection  creates  an  electrical  signal  which 
propagates  in  the  coplanar  stripline.  The  electrical 
signal  is  measured  by  passing  the  probe  beam  through 
the  stripline  further  down  the  line  (50  microns  propa¬ 
gation  distance  in  this  case)  and  detecting  the  change  in 
absorption  of  the  exciton  which  results  from  the 
changing  potential  as  the  electrical  signal  passes  by. 

We  find  that  the  response  time  of  this  optoelectronic 
technique  is  comparable  to  the  pulsewidths  in  the 
experiment,  therefore  we  use  a  simple  model  to  deter¬ 
mine  the  total  optoelectronic  response  time  of  the 
circuit.  We  fit  the  signals  using  a  simple  three  level 
model  with  a  single  exponential  rise  and  a  single 
exponential  decay.  First,  the  pump-probe  signal  is  fit  to 


40 


Picosecond  Electronics  and  Optoelectronics 


41 


Figure  1.  (a)  pump-probe  excitonic  saturation  signal, 
and  fit  to  model,  (b)  propagating  signal  and  fit  to  150 
fs  rise  function. 


an  instantaneous  rise  with  a  decay  of  a  few  ps  by 
adjusting  the  excitation  function.  A  200  fs  FWHM 
excitation  function  is  obtained.  This  accounts  for  the 
pump  and  probe  pulsewidths  and  for  significant  dis¬ 
persion  in  the  acousto-optic  modulator  in  the  pump 
beam.  Then,  the  electrical  signal  (lb)  is  fit  using  rise 
functions  of  50, 

150  and  250  fs.  The  150  fs  rise  function  fits  best.  This 
result  indicates  that  the  entire  process  of  electrical  pulse 
generation  by  excitonic  field  ionization,  propagation  in 
a  thin  film  a  distance  of  50  microns  on  a  coplanar 
stripline,  and  detection  by  excitonic  electroabsorption 
is  all  accomplished  with  a  150  fs  time  constant.  Further 
experiments  with  higher  time  resolution  are  required  to 
determine  the  origin  of  this  response  time,  but  it  is  likely 
that  the  generation  mechanism  is  approaching  a  phys¬ 
ical  limit,  as  we  discuss  later.  Dispersion  in  the  thin  film 
is  not  enough  to  explain  this  result.  We  have  calculated 


the  high  frequency  dielectric  properties  of  such  geom¬ 
etries  [5]  and  further  experiments  show  that  a  300  fs 
risetime  electrical  signal  at  50  microns  distance 
broadens  to  only  500  fs  after  an  additional  700  microns 
of  propagation.  Also,  the  excitonic  electroabsorption  is 
unlikely  to  limit  the  speed  of  detection  in  the  present 
experiments,  as  theory  indicates  a  response  time  of  40 
fs  or  so  for  the  present  conditions  [6], 

DC  Electroabsorption  Mapping 

In  nearly  all  semiconductor  devices  with  metal 
contacts,  the  electric  fields  are  non-uniform  as  a  result 
of  the  formation  of  depletion  regions.  In  the  present 
case,  proton-implanted  quantum  wells  having  very  high 
resistivity  (>  107  Q.  -  cm)  are  used  in  order  to  avoid 
ohmic  dissipation  under  high  bias  fields.  In  addition, 
dielectric  dissipation  for  THz  frequency  components  of 
the  propagating  electrical  signal  is  minimized  in 
semi-insulating  materials.  This  material  contains  a 
range  of  defects  from  shallow  to  deep  impurities.  Upon 
the  application  of  a  DC  bias,  the  impurities  which  are 
ionized  release  carriers  which  migrate  and  are  trapped 
at  deep  level  impurities,  producing  a  space  charge  which 
opposes  the  bias  field.  The  DC  electroabsorption  gives 
a  measure  of  the  internal  field  in  such  a  device,  as  shown 
in  Figure  2.  This  data  was  obtained  by  illuminating  the 


Figure  2.  DC  electroabsorption  mapping  of  a  1 0  micron 
CPS  at  three  different  voltages.  The  lateral  depletion 
length  depends  on  the  voltage. 
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device  uniformly  with  narrow-band  CW  light  from  a 
laser  diode  at  the  exciton  peak  wavelength  and  digi¬ 
tizing  the  transmitted  image  with  a  frame-grabber  and 
CCD  camera  [7].  Having  a  very  low  effective  free 
electron  concentration,  the  lateral  depletion  extends  to 
5-10  microns  and  depends  on  the  bias  voltage.  This 
profile  can  be  further  modified  by  carrier  injection  and 
space  charge  fields  at  high  densities,  but  this  represents 
the  low-density  limit 

1-Dimensional  Femtosecond  Mapping 

In  the  first  experiment,  the  pump  beam  is  f  x:used 
into  the  gap  and  generates  an  electrical  transient,  and 
the  probe  beam  is  focused  to  a  small  spot  (1-2  microns). 
The  probe  beam  is  scanned  through  the  device  and  the 
detected  electrical  signal  is  recorded  (Figure  3).  Such 
an  experiment  would  seem  trivial,  since  the  propagating 
signal  is  a  TE  mode,  and  the  detected  signal  should  not 
depend  on  the  position  of  the  probe  beam.  The  excitonic 
electroabsorption  detector  has  a  bias-dependent  detec¬ 
tion  sensitivity  [1],  however,  and  in  addition  it  is 
important  to  show  that  overshoot  effects  are  not  due  to 
a  field  relaxation  at  the  detection  point.  Although  the 
magnitude  of  the  detected  signal  varies  with  position, 
its  shape  does  not.  Therefore,  the  overshoot  recorded  in 
the  detected  transient  does  not  depend  on  the  probe 
beam  position.  The  amplitude  of  the  detected  signal 
follows  generally  the  profiles  which  were  measured  by 
DC  techniques  (Figure  2). 


«-  TIME  DELAY  (ps) 


Space-Resolved  Generation  of  Femtosecond 
Transients 

The  generation  of  femtosecond  electrical  transients 
in  micron-scale  structures  is  a  very  complex  and 
important  problem.  Many  unresolved  issues  remain  at 
present.  In  particular,  velocity  overshoot  effects  [8] 
have  been  reported  in  electro-optic  sampling  mea¬ 
surements  [9],  however  alternative  explanations  have 
been  given  involving  space-charge  effects,  particularly 
for  the  case  of  high  excess  initial  carrier  energy  [10].  In 
the  present  case,  we  excite  carriers  of  zero  excess  energy 
initially  in  the  form  of  excitons  therefore  giving  the 
maximum  contribution  to  velocity  overshoot.  Secondly, 
using  the  spatial  resolution  of  the  excitonic  electroab¬ 
sorption,  we  characterize  the  DC  field  profile.  This  new 
additional  information 

as  well  as  carrier  density-dependent  studies  may  resolve 
the  controversy  about  velocity  overshoot  -  vs  -  space 
charge  field  relaxation  effects.  The  field  non-uniformity 
in  the  CPS  should  cause  the  shape  of  the  generated 
electrical  signal  to  depend  on  the  pump  beam  position, 
since  both  velocity  overshoot  and  space  charge  effects 
exhibit  field-dependent  dynamics.  Figure  4  shows  an 
experiment  in  which  the  photoconductivity  overshoot 
is  space-resolved  at  high  excitation  density.  We  focus 
the  pump  beam  to  a  small  spot  (about  2  microns 
diameter)  and  scan  its  position  through  the  device  while 
measuring  the  electrical  signal  with  a  probe  beam  50 


Figure  3.  1-D  spatially  resolved  electroabsorption  in  10 
micron  CPS 


Figure  4.  Space-resolved  generation  of  femtosecond 
electrical  signal. 
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microns  away.  We  find  that  when  the  pump  beam  is 
scanned  across  the  stripline,  the  risetime  and  decay  time 
of  the  electrical  signal  change.  At  one  point,  the  signal 
rises  rapidly  and  exhibits  a  large  overshoot.  When 
exciting  in  other  regions,  the  signal  rises  more  slowly 
and  exhibits  less  of  an  overshoot.  This  is  shown  more 
clearly  in  Figure  5,  which  is  a  contour  plot  of  the  data 
in  Figure  4.  The  point  of  maximum  overshoot  is  clearly 
shown.  This  picture  does  not  exacdy  fit  the  DC  field 
profile  shown  in  Fig.  2  or  the  detected  signal  cross- 
section  shown  in  Fig.  3.  Clearly,  the  static  field  profile 
is  modified  by  the  presence  of  the  pump  beam,  and  we 
would  expect  the  overshoot  transient  to  contain  strong 
space-charge  contributions.  The  excitation  density  is 
above  lO'Vm'3  for  this  case. 

The  essential  difficulty  with  the  understanding  of 
these  signals  is  summarized:  when  the  pump  beam  is 
focused  weakly  so  that  it  fills  the  device  uniformly  (a 
10  micron  spot)  each  region  of  the  device  generates  a 
different  electrical  signal  with  a  different  rise  and  decay 
time.  The  total  displacement  current  is  approximately 
the  sum  of  the  individual  current  sources.  The  net  result 
is  an  initial  photocurrent  transient  which  is  averaged 
over 
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Figure  5.  Time-space  contours  of  data  ofFig.  4obtained 
by  moving  the  focused  pump  beam  through  the  CPS 
and  recording  the  generated  signal. 


all  the  fields  of  the  device.  If  the  pump  beam  is  focused 
to  a  spot  size  which  is  smaller  than  the  scale  of  the  field 
non-uniformity  (1-2  microns  in  the  present  case)  the  DC 
field  is  uniform  across  the  generation  region,  but  the 
excited  density  is  high  enough  so  that  space  charge 
effects  modify  the  dynamics  of  the  carrier  velocities. 
Thus,  low  density  large-spot  size  signals  exhibit 
essentially  density-independent  signals  which  appear 
to  be  an  indication  of  excitonic  velocity  overshoot,  but 
they  are  field-averaged.  Of  course,  the  velocity  over¬ 
shoot  effect  critically  depends  on  the  field,  therefore 
nonuniform  fields  smear  out  the  effect  substantially. 

Ensemble  Monte  Carlo  Modeling 

We  have  simulated  our  experiments  with  a  real- 
space  Ensemble  Monte  Carlo  (EMC)  simulation  of  our 
experiment.  We  include  polar  optical  phonon 
scattering,  electron-electron  and  electron-hole  scatter¬ 
ing  and  intervalley  scattering  with  a  nonuniform  electric 
field  and  nonuniform  carrier  injection  in  one  dimension. 

We  take  a  field  profile  of  T(x)  =  >  where  xd 

is  the  depletion  scale  length,  here  taken  to  be  5  p.  We 
use  a  very  short  (6  fs)  excitation  pulse  with  a  corre¬ 
sponding  wide  initial  distribution  around  k=0  to  illus¬ 
trate  the  initial  current  transient  clearly.  We  assume  for 
simplicity  that  the  field  profile  linearly  decreases  from 
one  side  of  the  device  to  the  other,  and  inject  carriers 
with  a  2  micron  gaussian  spot.  Fig.  6a  shows  the 
generated  signals  for  two  different  pump  beam  positions 
and  Fig.  6b  shows  the  generated  signal  with  uniform 
excitation  of  the  device.  Clearly,  non-uniform  fields 
play  a  significant  role  in  these  experiments.  We  note 
that  at  fields  of  40  kV/cm  as  in  Fig.  6,  even  if  a  6  fs 
optical  pulse  is  used  to  excite  the  device,  the  photo¬ 
current  requires  1 00-200  fs  to  rise  to  its  maximum  value. 
This  is  simply  limited  by  the  effective  mass  of  the 
electron.  Therefore,  in  the  experiment  shown  in  Fig.  1, 
the  150  fs  response  time  results  most  likely  from  the 
initial  acceleration  of  charge. 

In  the  present  case,  our  EMC  model  does  not  account 
for  space  charge  effects,  and  we  obtain  good  qualitative 
agreement  with  low  density  experiments.  We  are 
extending  our  EMC  modeling  to  include  space-charge 
effects  as  in  [10]  for  conditions  appropriate  to  our 
experiments  with  tightly  focused  pump  beams  at  high 
densities. 
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Figure  6.  (a)  1-D  EMC  simulation  of  pulse  generation 
with  linearly  decreasing  field  across  10  micron  CPS.  A 
2  micron  pump  beam  is  placed  at  two  different  positions, 
(b)  corresponding  case  of  uniform  excitation,  showing 
averaging  effect. 

One  indication  of  the  complexity  of  this  problem  is  that 
the  generated  signals  in  the  small  pump  beam  high- 
density  conditions  does  not  simply  follow  the  DC  field 
profile  measured  at  low  density.  It  is  clear  that  at  high 
densities  the  injected  carriers  modify  the  field  profile  in 
a  complex,  dynamical  manner,  as  suggested  in  [10]. 
Screening  processes  are  somewhat  difficult  to  take  into 
account  in  EMC  in  a  precise  way,  especially  at  high 
densities.  In  any  case,  it  is  clear  that  excitonic  velocity 
overshoot  (velocity  overshoot  starting  at  k=0)  plays  a 
significant  role  in  the  initial  transient,  but  at  high 
densities 


Distance  (y.) 


Figure  7.  2-dimensionally  resolved  propagating  elec¬ 
trical  signal  in  25  micron  CPS.  An  open  termination  is 
encountered. 
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space  charge  effects  also  contribute.  Nonuniform  fields 
serve  to  further  complicate  the  situation,  however 
excitonic  effects  of  electroabsorption  and  saturation 
may  provide  key  new  information.  In  addition,  the 
picture  of  Fig.  5  should  be  excitation  density  and  bias 
dependent. 

2-Dimensional  Femtosecond  Field  Mapping 

The  technique  of  field-mapping  can  be  easily 
extended  to  a  full  two-dimensional  format.  In  this  case, 
the  probe  lens  is  attached  to  an  orthogonal  0.1  micron 
resolution  stepper  motor  and  for  each  time  delay  a  full 
32x32  raster  scan  of  the  probe  beam  is  made.  With  the 
probe  beam  focused  to  a  1  micron  diameter  spot,  the 
detected  signal  is  recorded  at  each  point.  We  typically 
record  10  time  frames.  Figure  7  shows  four  successive 
time  frames  of  a  pulse  which  propagates  in  a  25  micron 
stripline  and  encounters  an  open  termination  consisting 
of  u  25  micron  gap  in  the  CPS.  The  capability  of 
full  two-dimensional  field  mapping  with  femtosecond 
time  resolution  should  provide  additional  new  infor¬ 
mation,  and  particularly  in  the  case  of  complex  devices. 


Summary 

In  summary,  we  have  used  the  excitonic  nonlinear 
saturation  response  to  measure  the  impulse  excitation 
of  quantum  well  coplanar  stripline  structures  in  thin 
films.  We  use  excitonic  electroabsorption  to  measure 
DC  field  profiles  and  1  and  2  dimensionally  resolved 
propagating  femtosecond  electrical  signals.  In  addition, 
we  have  investigated  the  effects  of  excitonic  velocity 
overshoot  and  its  relation  to  space  charge  effects. 
Clearly  much  more  work  is  required  for  a  full  under¬ 
standing  of  these  processes. 
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Abstract 

We  report  on  propagation  of  picosecond  step  pulses 
over  10  millimeters  with  a  GaAs-encapsulated 
transmission  line.  The  effective  dielectric  constant 
matches  the  optical  value  to  within  0.1%. 

Introduction 

A  traveling-wave  electro-optic  modulator  fabricated  from 
GaAs  can,  in  principle,  be  fabricated  having  a 
modulation  bandwidth  exceeding  500  GHz.  To 
approach  such  performance  will  require  the  elimination 
of  not  only  velocity  mismatch,  which  now  limits  the 


state-of-the-art  to  ~40  GHz,[l]  but  also  modal 
dispersion  of  the  microwave  signal,  radiation  loss,  free 
carrier  absorption,  and  losses  due  to  skin  effect 
absorption. 

The  major  source  of  dispersion,  velocity  mismatch, 
can  be  practically  eliminated  by  fully  ei.capsulaling  die 
transmission  lines  in  a  uniform  GaAs  medium. [2] 
GaAs  possesses  the  unique  property  of  having  bulk 
dielectric  constants  in  the  near  infrared-  and  millimeter- 
wave  radiation  regimes  that  arc  essentially  equal. [3]  If 
the  radiation  fields  for  the  optical  and  electrical  signals 
are  completely  enclosed  within  GaAs.  velocity 
mismatch  between  the  two  will  be  eliminated. 
Encapsulating  tire  transmission  line  also  eliminates 
frequency-dependent  dispersion  and  radiation  otherwise 
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Figure  1.  Experimental  setup 
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present  due  to  the  dielectric  mismatch.  Losses 
associated  with  skin  effect,  and  free -carrier  absorption 
can  be  effectively  eliminated  by  lowering  the 
temperature. 

Experiment 

To  test  these  principles  we  have  constructed  a 
coplanar  transmission  line  fully  encapsulated  in 
unintentionally-doped  [001]  GaAs  by  first  reactive  ion 
etching  2800A-deep  coplanar  troughs  into  which  2800A 
of  gold  was  deposited.  The  top  surface  of  the  electrodes 
is  left  flush  with  the  surface  of  the  substrate  to  within 
200  A.  The  pair  of  electrodes  are  20  pm  wide  and 
separated  by  20  pm.  The  dc  resistance/millimeter  for 
the  electrodes  is  4.9  Q/mm  at  293  K  and  0.8  G/mm  at 
10  K.  A  second  wafer  of  GaAs  is  then  placed  on  top 
thereby  fully  enclosing  the  coplanar  electrodes. 

The  transmission  line  structure  was  placed  in  a 
cryogenic  environment.  The  technique  of  external 
electro-optic  sampling  [4]  was  used  to  characterize  the 
device.  A  balanced,  colliding-pulse,  mode-locked  dye 
laser  [5]  producing  ISO-fs  pulses  was  used  for  both 


switching  and  probing.  Figure  1  depicts  the 
experimental  layout.  The  GaAs  supers trate  was  placed 
at  the  end  of  the  transmission  line.  The  transmission 
line  was  left  open-ended  in  order  to  reflect  the  electrical 
pulse. 

The  pump  pulse  excited  an  electrical  signal  on  the 
transmission  line  at  the  entrance  point  of  the 
superstrate.  The  signal  propagated  in  both  directions 
away  from  the  point  of  excitation.  The  input  pulse  was 
measured  from  the  electrical  signal  that  directly 
propagated  across  the  0.S  mm  air-supers  trate  region  of 
the  transmission  line.  The  output  pulse  propagated 
twice  the  length  of  the  superstrate  and  then  across  the 
air-superstrate  region  before  being  measured.  This 
technique  is  preferred  over  single-pass  transmission 
which  requires  the  replacement  of  the  probe 
crystal/beam  at  a  second  location,  leading  to  errors  in 
the  measurement  of  both  the  propagation  delays  (hence 
effective  dielectric  constant)  and  waveforms.  Reflection 
from  an  open  end  will  nevertheless  result  in  frequency- 
dependent  loss  by  capactively  coupling  energy  to  the 
adjacent  line.  The  results  that  we  observe,  therefore, 
represent  conservative  values. 


Figure  2.  Pulse  propagation  on  20  pm  GaAs- 
encapulated  transmission  lines 
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Results 

Figures  2a  and  2b  show  the  results  at  293  K  and  10  K 
respectively.  The  input  for  both  temperatures  is  1.3  ps. 
The  output  at  293  K  is  found  to  have  been  strongly 
attenuated  and  the  risetime  broadened  to  3.0  ps.  Both 
effects  are  primarily  due  to  skin  effect  attenuation  by  the 
gold  electrodes.  At  10  K  the  amplitude  of  the 
propagated  signal  is  preserved  and  the  risetime  of  2.0  ps 
more  closely  matches  that  of  the  input.  The 
discrepancy  in  input/output  risetimes  is  partially  due  to 
losses  at  the  open-end  of  our  transmission  line  and 
possibly  residual  modal  dispersion  remaining  from  a 
non-perfect  interface.  We  note  that  this  broadening 
takes  place  over  a  total  propagation  time  of  120  ps. 

A  careful  measurement  of  the  propagation  time  was 
made  by  measuring  the  optical  translational  delay 
between  the  arrival  of  the  input  and  output  signals. 
Since  the  0.S  mm  air-superstrate  region  is  traversed  by 
both  signals  the  optical  delay  directly  relates  to  the 
propagation  time  of  the  electrical  pulse  within  the 
superstrate.  By  knowing  the  propagation  time  and  the 
length  of  the  superstrate  an  accurate  measurement  of  the 
effective  dielectric  constant  can  be  determined.  The 
effective  dielectric  constant  was  found  to  be  1 1.60  (+/. 
0.02).  This  value  agrees  remarkably  well  with  the  bulk 
value  of  GaAs  at  1.3  pm,  1 1.62  [1],  The  difference  in 
arrival  times  between  electrical  and  optical  pulses 
propagating  in  this  structure  would  amount  to  -500  fs 
for  a  10  mm  interaction  length. 

This  effective  dielectric  constant,  however,  deviates 
from  the  accepted  value  of  12.9  for  bulk  GaAs  in  die 
millimeter- wave  regime.  [6]  Measurements  were  then 
made  using  structures  having  50  pm  coplanar  lines. 
The  larger  geometry  should  be  less  susceptibe  to  an 
residual-air  interface  between  the  superstrate  and 
substrate.  The  dielectric  constant  for  this  larger 
electrode  geometry  was  found  to  be  12.85,  suggesting 
that,  indeed,  a  less-than-perfect  interface  exist. 


Future  work 

Ttie  results  thus  far  are  qualitatively  revealing.  To 
fully  assess  the  mechanisms  responsible  for  dispersion 
and  attenuation  we  will  begin  performing  scattering 
parameter  measurements.[7]  Also,  the  use  of  a 
mechanically-applied  GaAs  superstrate  has  served  to 
demonstrate  the  feasibility  of  velocity  matching  for 
ultrafast  travelling-wave  optoelectronic  modulators. 
Practical  use  of  this  technique  can  be  realized  by 


regrowing  GaAs  over  the  substrate  forming  a  superstrate 
that  is  an  integral  part  of  the  device.  Regrowth 
techniques  are  now  being  investigated  for  compatibility 
with  various  electrode  structures  and  compositions. 
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Abstract 

We  report  on  the  generation  of  850  V  electrical  pulses 
with  1.4  ps  rise  time  and  4  ps  Full-Width-at- Half- 
Maximum  using  pulse  biased  Low-Temperature-grown 
GaAs  photoconductive  switch  triggered  by  an  amplified 
femtosecond  dye  laser.  Dependence  of  the  temporal 
pulse  shape  on  both  the  electric  field  and  the  optical 
energy  is  observed  and  discussed. 


I.  Introduction 

In  recent  years  many  applications  have  emerged  for 
high-voltage,  high-speed  switching.  Using 
photoconductive  techniques  both  kilovolt  switching  and 
picosecond  pulse  generation  have  been  achieved.  High- 
voltage  switching  has  been  reported  using  high 
resistivity  materials  and  high  power  lasers  with  large- 
dimension  structures  to  achieve  kilovolt  switching. 
This  resulted  in  pulses  with  duration  down  to  70  ps 
and  rise  time  no  less  than  10  ps  [1],  Conversely,  high¬ 
speed  switching  has  used  short  optical  pulses  with  fast 
recovery  time  materials,  small  dimension  structures  and 
low  power  lasers  to  achieve  generation  of 
subpicosecond  pulses  with  amplitude  up  to  6  V  [2], 
We  successfully  combined  high-speed  and  high  voltage 
by  pulse  biasing  a  Low-Temperature  GaAs 
photoconductive  switch  triggered  by  submicrojoule 
level,  150  fs  optical  pulses.  The  following  discussion 
reports  on  the  generation  of  a  850  V  pulse  with  1.4  ps 
rise  time  and  4  ps  full-width-al-half-maximum. 

The  maximum  bias  voltage  that  can  be  applied  to  a 
photoconductive  switch  is  determined  by  the  dimension 
ac cross  which  the  bias  is  applied  and  the  breakdown  of 
the  semiconductor  material.  The  breakdown  voltage 
increases  with  material  resistivity  and  separation  of 
electrodes.  Also,  the  material  breakdown  voltage  may 
be  increased  by  limiting  the  duration  of  the  bias 


voltage.  The  fraction  of  bias  voltage  effectively 
switched  depends  on  the  energy  of  the  optical  pulse. 
The  rise  time  of  the  electrical  signal  is  determined  by 
the  duration  of  the  optical  pulse  and  by  the  switch 
bandwidth,  which  is  a  function  of  the  switch 
dimensions.  The  pulse  duration  is  limited  by  the  carrier 
lifetime.  Ultimately  the  geometry  of  the  switch 
determines  the  maximum  possible  bias  and  the 
minimum  rise  time. 

With  conventional  high  resistivity  GaAs  or  Si,  the 
electric  field  hold-off  is  around  10*  V/cm.  Therefore, 
the  small  dimensions  necessary  for  picosecond  signal 
generation  would  limit  the  applied  voltage  to  few 
hundred  volts.  However,  Low-Temperature  MBE- 
grown  GaAs  (LT-GaAs)  has  recently  demonstrated 
extremely  high  resistivity  and  breakdown  threshold  [2], 
Furthermore,  due  to  its  subpicosecond  carrier  lifetime 
LT-GaAs  satisfy  the  conditions  for  picosecond  pulse 
generation.  By  using  this  material  we  have  been  able 
to  apply  a  1.3  kilovolt  pulse  bias  to  a  100  pm  switch 
making  possible  the  generation  of  picosecond  high- 
voltage  pulses. 

II.  Experimental  configuration 

Efficient  switching  of  kilovolt-level  bias  voltages 
requires  an  optical  energy  at  the  microjoule  level,  which 
necessitates  the  use  of  amplified  laser  pulses.  Our  laser 
(similar  to  that  described  in  references  3  and  4)  generates 
microjoule  pulses  at  620  nm  at  a  2-kHz  repetition  rate, 
using  a  two-stage  dye  amplifier  pumped  by  a  frequency 
doubled  Nd:YAG  regenerative  amplifier.  The  laser 
pulse  duration  is  150  fs,  ensuring  that  the  picosecond 
electrical  pulse  generation  and  measurement  are  lot 
limited  by  the  optical  pulse  length. 

A  schematic  diagram  of  the  experimental 
configuration  is  shown  in  Figure  1.  Pulse  biasing  is 
employed  to  prevent  breakdown  of  the  switch.  Part  of 
the  frequency  doubled  Nd:YAG  regenerative  amplifier 
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Figure  1.  schematic  of  the  experimental  set  up. 


output  is  used  to  illuminate  a  dc-biased  4-mm-long 
semi-insulating-GaAs  switch.  A  80  pJ,  80  ps  optical 
pulse  at  532  nm  generates  an  electrical  pulse  which  has 
an  amplitude  equal  to  70%  of  the  dc  bias  voltage  and  a 
full-width-at-half-maximum  of  400  ps.  This  pulse  then 
biases  a  90  ft  coplanar  stripline  (100  pm  wide  gold 
conductors  separated  by  100  pm)  on  a  LT-GaAs 
substrate.  As  the  bias  pulse  propagates  along  the 
transmission  lines,  a  150  fs  optical  pulse  with  energy 
up  to  1  pJ  illuminates  the  area  between  the  conductors. 
TTiis  forms  a  plasma  within  the  LT-GaAs  which  shorts 
the  conductors  together.  This  technique  of  switching, 
known  as  "sliding  contact",  in  principle,  allows  total 
switching  of  the  applied  bias  voltage  [5],  The  resulting 
electrical  waveform  is  schematically  shown  in  Figure  1. 
External  electro-optic  sampling  [6]  in  a  LiTa03  crystal 
with  150  fs,  100  pJ  pulses  is  used  to  measure  the 
signal  300  pm  from  the  switch  site.  Waveforms  are 
recorded  for  different  settings  of  bias  voltage  and 
illuminating  energy.  For  convenience,  the  picosecond 
electrical  waveforms  are  then  extracted  and  displayed  in 
a  more  conventional  format. 

II.  Results 

Figure  2  shows  a  850  V  pulse  with  duration  of  4  ps  and 
rise  time  of  l  .4  ps.  For  incident  optical  energies 


greater  than  500  nJ  we  observe  saturation  of  the 
switching  efficiency,  defined  as  the  ratio  of  switched 
voltage  to  applied  voltage  as  shown  in  Figure  3.  While 
the  maximum  switching  efficiency  is  ideally  100  %, 
the  70  %  experimentally  measured  can  be  explained  by 
a  combination  of  factors  including  radiation,  dispersion 
and  contact  resistance.  The  negative  precursor  to  the 
pulse  is  attributed  to  the  radiation  from  the  dipole 
formed  at  the  generation  site.  The  rise  time,  ultimately 
limited  by  the  100  pm  transmission  line  dimensions, 
reveals  a  clear  dependence  on  the  carrier  density.  As 
illustrated  in  Figure  4,  we  observe  a  degradation  from 
1.1  ps  to  1.5  ps  over  the  range  of  optical  energy  from 
100  to  900  nJ.  This  corresponds  to  the  saturation  of 
the  slew  rate.  However,  as  shown  in  Figure  5,  the  rise 
time  appears  to  be  independent  of  the  electric  field.  The 
relation  of  the  rise  time  to  the  carrier  density  and  the 
electric  field  is  still  not  well  understood.  Explanations 
involving  saturation  of  the  current  density  and  strong 
carrier  scattering  are  presently  under  investigation. 

While  a  subpicosecond  fall  time  is  expected  from 
previous  measurements  of  LT-GaAs  carrier  lifetime  [7], 
this  experiment  reveals  a  much  longer  recovery  time. 
This  tail  increases  as  we  increase  either  the  carrier 
density  or  the  applied  electric  field  (Fig  4  and  5). 
Significant  local  heating  due  to  the  extremely  high 
current  densities  (up  to  10^  A/cm^)  drawn  through  the 


Figure  2.  waveform  showing  an  850  V,  1.4  ps  rise 
time  and  4.0  ps  duration  pulse  switched  from  a  1.3  kV 
bias  with  an  optical  energy  of  900  nJ. 


Figure  3.  switching  efficiency  as  a  function  of  optical 
energy  for  an  electric  field  of  100  kV/cm. 
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Figure  4.  pulse  shape  as  a  function  of  optical  energy  for 
an  electric  field  of  100  kVIcm. 


Figure  5.  pulse  shape  as  a  function  of  applied  bias  for 
an  optical  energy  of 900  nJ. 


switch  area  results  in  generation  of  additional  carriers 
and  could  explain  this  long  recovery  time,  however  it 
does  not  account  for  the  rise  time  degradation.  In  the 
following,  we  present  an  other  possible  justification  for 
the  long  recombination  time,  involving  intervalley 
scattering  which  is  known  to  be  strongly  dependent  on 
both  the  electric  field  and  the  carrier  density. 

The  switched  electric  pulse  shape  reflects  the 
evolution  of  the  current  density  which  is  proportional 
to  the  product  of  carrier  density  and  average  carrier 
velocity.  A  carrier's  contribution  to  the  switching 
process  is  then  proportional  to  its  velocity.  In  GaAs,  a 
photogenerated  hot  electron  under  a  strong  electric  field 
can  scatter  from  the  central  valley  to  the  high-effective- 
mass  satellite  X-  and  L-valleys  greatly  reducing  its 
velocity  and  therefore  its  contribution  to  switching. 
The  scattering  probability  increases  with  the  electrical 
field  and,  under  our  experimental  conditions,  we 
estimate  that  more  than  80  %  of  the  carriers  are  in  the 
satellite  valleys  after  100  fs  [8].  The  transfer  of  those 
electrons  back  into  the  central  valley  occurs  on  the 


picosecond  time  scale  [9].  As  the  pump  energy 
increases  the  carrier  density  in  the  central  valley  rises. 
Consequently,  the  probability  for  an  electron  to  scatter 
back  into  the  central  valley  decreases.  As  the  carriers 
still  in  the  high  mobility  valley  recombine  within  few 
hundred  femtoseconds,  the  probability  to  transfer  back 
from  the  satellite  valleys  increases  with  time.  The 
satellite  valleys  can  then  be  seen  as  sources  reinjecting 
hot  electrons  into  the  central  valley  at  a  rate  dependent 
on  the  electric  field  and  the  carrier  density. 

IV.  Summary 

In  conclusion,  we  report  on  the  application  of  LT- 
grown  GaAs  for  photoconductive  switching  using  a 
pulse  bias  technique  leading  to  the  generation  of  a  850 
V  pulse  with  1.4  ps  rise  time  and  duration  of  4  ps. 
This  represents  the  highest  voltage  ever  obtained  in  the 
single-picosecond  time  scale.  This  new  capability  to 
produce  ultrashort  high  peak  power  pulses  could  be  of 
interest  for  applications  in  fields  such  as  millimeter- 
wave  non  linear  spectroscopy,  radar  signal  generation, 
source  for  linear  accelerator  of  particles  and  ultrafast 
instrumentation.  Future  work  will  include 
spectroscopic  studies  to  determine  the  carrier  dynamics 
and  populations  during  the  switching  process. 
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Abstract 

A  highly  sensitive  technique  for  2  dimensional 
electric  field  detection  in  a  GaAs  microstrip  cir¬ 
cuit  1ms  been  developed  using  electro-optic  (E-O) 
sensing.  With  this  method,  tin'  interference  effect 
in  the  E -()  sampling  technique  has  been  studied. 

Introduction 

Electro-optic  sampling  is  a  useful  technique 
to  measure  the  electric  field  in  a  GaAs  microstrip 
circuit  [1],  It  has  sin  extremely  wide  bandwidth  ca¬ 
pability  and  does  not  require  physical  or  electrical 
contact  to  the  device.  Most  of  previous  experi¬ 
ments  sampled  the  electric  field  at  one  particular 
point  or  discrete  location  in  the  circuit.  For  some 
applications,  it  is  desirable  to  map  the  field  distri¬ 
bution  in  two  dimensions  (2  D).  2-D  field  distri¬ 
bution  can  be  convieniently  measured  by  electro¬ 
optic  sampling  because  of  its  noncontact  feature. 
\Y.  Donaldson  performed  a  time  resolved  2-D  mea- 
suiement  as  follows[2]:  after  the  polarized  incom¬ 
ing  light  interacted  with  the  electric  field,  the  im¬ 
age  of  the  reflected  light  which  carried  the  field 
distribution  information  was  focused  onto  a  2-D 
diode  array.  The  data  were  then  displayed  on  a 
monitor.  This  method  has  very  good  temporal  res 
elution,  but  very  'ow  sensitivity.  It  requires  a  high 
power  laser  and  can  only  measure  strong  electric 
field.  In  this  paper,  a  highly  sensitive  technique  to 
measure  the  2  dimensional  electric  field  distrilm 
tion  is  presented.  With  this  technique,  the  inter¬ 
ference  effect  occuring  when  performing  electro- 
optic  sampling  is  studied. 

In  the  previously  reported  polarization  rota¬ 
tion  modulation  ( PRM)  techniques,  which  depend 
only  on  the  E  O  detection  of  signal  from  the  back 
side  i  effect  ion.  the  interference  between  the  mul 


tiple  beam  reflections  from  top  (front)  and  bot¬ 
tom  (back)  surface  of  the  GaAs  substrate  had  not 
been  accounted  for.  Since  the  index  of  refraction  of 
GaAs  is  large,  a  substantial  amount  of  light  is  re¬ 
flected  at  the  top  surface,  as  well  as  at  the  bottom 
surface,  therefore,  the  interference  effect  can  not 
be  neglected.  This  is  especially  important,  when 
the  laser  pulse  duration  is  longer  than  the  optical 
pulse  round- trip  time  in  the  GaAs  substrate. 

In  this  paper,  the  interference  effect  on 
the  conventional  electro-optic  sampling  technique, 
which  requires  the  use  of  an  analyzing  polarizer, 
has  been  studied.  It  was  observed  that  flit'  inter¬ 
ference  effect  is  significant  provided  that  the  opti¬ 
cal  pulse  duration  used  for  electro-optic  sampling 
is  longer  than  or  comparable  to  the  optical  round- 
trip  transit  time  through  the  substrate.  Further¬ 
more.  the  magnitude  of  the  sampling  signal  de¬ 
pends  critically  on  the  local  substrate  thickness, 
causing  difficulties  in  calibrating  the  amplitude  of 
the  electro  optic  sampling  signal  in  microwave  cir¬ 
cuit  measurement. 

It  is  interesting  to  note  that  when  the  inter¬ 
ference  effect  is  presented,  the  E-()  signal  can  be 
detected  even  without  analyzing  polarizer.  The 
microwave  signal  modulates  the  effective  optical 
thickness  of  the  GaAs  substrate  via  electro-optic 
effect.  This  in  turn  gives  rise  to  the  modulation  of 
the  intensity  of  n'Hected  optical  probing  beam. 

Two-dimensional  mapping 

The  2  dimensional  field  mapping  is  achieved 
by  scanning  the  probing  laser  beam  with  a 
galvanometer  tvpe  beam  scanner  in  one  dimension 
and  t  ranslatiug  the  sampled  cite  nit  in  the  ot  her  di 
mension.  In  order  to  obtain  time  resolved  miorma 
t  ion.  one  would  in  ed  to  combine  this  set  up  wit  h  a 
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Figure  1.  The  schematic  of  2-dimension  „l  field 
mapping  system. 


technique  to  phase  lock  the  microwave  to  the  laser 
pulses  [1].  We  present  at  this  meeting  a  new  mi¬ 
crowave  phase  locking  technique  which  can  phase 
lock  an  integrated  voltage  controlled  oscillator  [3]. 
The  experimental  setup  for  2-D  field  mapping  is 
shown  in  Fig.  1. 

The  frequency  of  the  microwave  signal  applied 
to  the  GaAs  circuit  is  sot  to  fit  the  following  for¬ 
mula: 

fm  =  -V ft.  ±  f IF 

where  /„,  and  //,  are  the  microwave  frequency  and 
th<'  laser  repetition  frequency  respectively,  and  A’ 
is  an  integer.  The  microwave  signal  mixes  with  one 
of  the  harmonics  of  the  laser  repetition  frequency 
and  produces  an  intermediate  frequency  ///■-.  In 
the  present  case.  /; is  10  MHz.  well  above  the 
laser  intensity  noise  band  which  is  below  1  MHz. 
This  method  is  very  simple,  inexpemsive  and  does 
not  require  the  modulation  of  either  the  microwave 
or  the  light  beam.  The  sensitivity  in  this  system  is 
basically  limited  by  the  shot  noise  and  other  noises 
associated  with  the  photodetector.  Thus,  this  sys¬ 
tem  has  verv  .ligh  sensitivity.  For  him  photocur- 
rent  at  the  photodetector  YAG  100.  a  sensitivity 
of  1 78// V/  v  H  ~  has  been  measured.  The  spectrum 
analyzer  is  used  to  provide  an  adjustable  narrow 
band  amplifier  (B\V  =  10  KHz  in  this  experiment) 
and  an  AC  to  DC  converter.  Its  center  frequency, 
bandwidth,  gain  and  video  filter  can  all  be  eas¬ 


ily  adjusted  lo  optimize  the  system  performance. 
The  results  are  displayed  by  a  computer  through 
an  analog  to  digital  converter. 

The  laser  used  was  a  mode  locked  Nd:YLF 
laser  with  a  pulse  width  of  50  picoseconds.  The 
short  laser  pulses  with  duration  of  3  to  5  picosec¬ 
ond  were  generated  by  using  a  fiber  pulse  com¬ 
pression  technique. 

Fig.  2  displays  the  details  of  the  beam  scan¬ 
ner.  A  light  weight  mirror  attached  to  the  needle 
axis  of  a  galvanometer  is  located  at  focal  length  of 
the  lens  and  scans  the  incoming  beam.  This  lens 
arrangement  keeps  normal  incidence  on  the  sur¬ 
face  of  GaAs  substrate,  and  also  focuses  the  beam 
at  the  back  surface'  of  the  substrate.  The  reflected 
beam  follows  the  same'  trace  but  in  opposite  direc¬ 
tion. 


L  =  focal  length 


Figure  2.  The  detail  of  the  beam  scanner. 

Interference  effect 

In  a  previous  report,  we  presented  the  inter¬ 
ference  effect,  associated  with  the  E-0  sampling  in 
GaAs  microstrips  [4].  Since  the  index  of  refrac¬ 
tion  of  GaAs  is  high  (3.5).  a  substantial  amount 
of  light  (30  percent  energy  for  normal  incidence) 
is  reflected  at  the  top  surface  of  GaAs  and  inter¬ 
feres  with  that  reflected  from  the  bottom  surface. 
The  interference  effect  is  significant  provided  that 
the  laser  pulse  duration  used  for  E-O  sampling 
is  longer  than  or  comparable  to  the  light  pulse 
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round-trip  time  in  the  GaAs  substrate.  Because 
of  the  interference  effect,  the  magnitude  of  the  E- 
O  signal  strongly  depends  on  the  local  substrate 
thickness  and  the  calibration  of  the  sampled  mi¬ 
crowave  amplitude  is  very  difficult. 

Fig.  3  shows  the  measurement  of  2-D  field  dis¬ 
tribution  in  a  GaAs  microstrip  line  with  short  laser 
pulse  duration  ( 3  to  5  picoseconds).  The  frequency 
of  the  RF  signal  applied  to  the  microstrip  line  is 
142  MHz  and  its  amplitude  is  1  The  mea¬ 

surement  shown  in  Fig.  3  was  completed  in  five 
minutes.  Since  the  laser  pulse  width  is  shorter 
than  tile  round  trip  time  of  light  pulses  through 
the  substrate  (7  pS.  corresponding  to  0.3  mm 
thickness),  the  interference  effect  does  not  occur. 
The  measured  result  truly  represents  the  electric 
field  distribution  in  the  device  under  test. 


Figure  3.  Firld  mapping  of  a  microstrip  line  with 
short,  laser  pulsi  s  (d-5  pS)  showing  no  interference 
effect. 

Fig.  4  displays  a  typical  result  of  field  map¬ 
ping  of  the  same  sample  with  a  laser  pulse  dura¬ 
tion  (  50  ps)  longer  than  the  light  pulse  round  trip 
time  in  the  substrate  (  7  ps).  The  measured  field 
distribution  across  the  microstrip  line  should  be 
similar  to  that  in  Fig.  3.  Instead,  Fig.  4  shows  the 
additional  drops  (valleys)  in  the  field  distribution 
caused  by  the  interference  effect.  This  raises  the 
issue  of  the  difficulty  to  calibrate  accurately  the 
amplitude  of  the  field  distribution. 

The  interference  effect  can  be  explained  by 
the  following  description. 

Multireflection  effect 

The  multiple-beam  interference  effect  is 
shown  in  Fig.  5(a)  The  actual  incident  beam  is 
almost  normal  to  the  surface  of  GaAs  substrate, 
but  for  clarity  of  drawing,  the  angle  has  been  exag- 


Figure  4.  Field  mapping  of  a  microstrip  line  with 
long  laser  pulses  (50  pS)  showing  strong  interfer¬ 
ence.  effect. 


Gold  coated  ground  plate 


(a)  (b) 

Figure  5.  Multire.fle.ct.ion  in  GaAs  microstrip  line 
substrate,  (a)  General  case,  r,:  electric  field  of  the 
ith  reflected  beam,  (b)  Only  the  two  first  reflected 
beams  arc  considered,  (it  =  0.8,1 


gerated.  The  calculation  is  carried  out  for  normal 
incidence  on  the  sample  and  assuming  that  all  the 
light  is  collected  by  the  photodetector. 

The  total  reflection  coefficient  for  the  multiple 
beam  interference  in  the  GaAs  is  given  by: 

Rtntnl  =  C|  +  r2  +  r*  +  ■  -  •  +  rn  -fi  ■  •  - 

=  /?,  -  T\T2c’0  +  R2T\T2<2'*  -  7?^r,T2f3,> 

+  -  ••  +(  —  1  )"/?„_]  T)  7’2rT,,<<’ 

T,  T2 e'4’ 

1  ~~  1  +  R2e  ** 
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Where  R\  is  the  surface  reflection  coefficient,  when 
the  incident  beam  is  directed  from  air  towards  the 
Ga As;  and  Rz  is  the  surface  reflection  coefficient, 
when  the  incident  beam  is  directed  from  GaAs  to¬ 
wards  air.  T\,Tz  are  the  corresponding  surface 
transmission  coefficients. 

It  is  very  important  to  understand  that  the 
interference  effect  will  result  in  a  modulation  of 
light  intensity  at  the  detector  only  if  the  back  re¬ 
flected  beam  suffers  some  loss.  Calculation  indi¬ 
cates  that,  for  a  lossless  system,  the  amplitude  of 
total  reflection  coefficient  is  a  constant  and  there 
is  no  interference. (But  the  phase  can  be  changed.) 

for  the  lossy  case,  if  =  (1  —  o),  where  a  is 
the  loss  factor  (  for  lossless  case  fj  =  1  ),  then 

R,o,ai  =  R\-  T^ziic'0  +  RzTiTzfe2'* - 

_  TiTzJc'* 

'  1  +  R-tdc* 

't'he  multiple-beam  interference  results  for 
any  incident  polarization. 

When  ft  —  -Rz,  the  case  corresponds  to  the 
standard  Febry- Perot  interference. 

The  calculation  of  reflection  coefficients  shows 
that  a  very  good  approximation  consists  in  consid¬ 
ering  only  the  two  first  reflections  with  equal  am¬ 
plitude  (  £„/>/2).  One  is  reflected  from  the  front 
(top)  surface  and  the  other  is  reflected  from  the 
back  (bottom)  surface  as  illustrated  in  Fig.  5(b). 

In  this  case,  the  dependence  of  the  measured 
E-O  signal  on  the  local  substrate  thickness  appears 
in  the  following  expression  of  the  modulation  of 
light  intensity  applied  to  the  photodetector  (A/) 
for  conventional  E-O  sampling: 

A/  =  Iai\6  cos(cp/ 2)  sin(2(0'  -  cp/ 4)) 

where  /„  is  the  input  laser  intensity,  6'  is  the  an¬ 
alyzing  polarizer  orientation  relative  to  the  GaAs 
crystal  axis  [Oil],  A <t>  =  2nV/V„  is  phase  modu¬ 
lation  produced  by  the  applied  microwave  voltage 
r.  For  GaAs,  V*  is  about  10  kV.  <f>  is  the  round 
trip  phase  delay  in  GaAs  substrate,  which  in  turn 
is  proportional  to  the  local  thickness  of  the  sub¬ 
strate. 

Fig.  G  is  the  schematic  of  the  detection  for 
conventional  E-O  sampling,  and  Fig.  7  displays  the 
relation  of  E-O  signal  versus  polarizer  orientation 
O'. 

The  effect  of  cos{<P/ 2)  ran  be  observed  in  the 
measurement  shown  in  Fig.  4.  Calculation  indi¬ 
cates  that  a  small  thickness  change  of  750A  can 
cause  the  E-O  signal  to  change  from  its  maximum 
to  zero. 


Figure  6.  The  conventional  detection  scheme  us¬ 
ing  a  polarizer  and  circularly  polarized  light  beam. 

In  the  same  report  [4],  we  also  pointed  out 
that  E-O  signal  can  be  detected  without  using  an 
analyzing  polarizer.  This  is  realized  by  utilizing 
the  modulation  of  interference  generated  by  mul¬ 
tiple  beam  reflection  in  the  GaAs  substrate.  It  is 
also  sensitive  to  the  variation  of  substrate  thick¬ 
ness.  The  calculated  E-O  signal  is  given  by: 

A /  =  E2  A<6  sin<p  cos26 


thtory  taking  redaction  from  front  aurfaca 
of  microttrip  into  account  . 

A1  «  2  A*  co*{-£-  )*m<  2«'  — ) 

(  •  it  an  adjustable  paramatar ) 

*  »  — •  experiment 

Figure  7.  E-O  signal  versus  polarizer  orientation 
(detection  with  a  polarizer,  including  interference 
effect). 
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Figure  8.  The.  new  scheme  using  linearly  light, 
beam  without  using  polarizer. 


where  0  is  the  incident  polarization  angle  relative 
to  the  GaAs  crystal  axis  [Oil],  which  can  he  varied 
by  using  a  half-wave  plate. 

Fig.  8  is  the  detection  scheme  for  this  method, 
and  Fig.  0  is  relationship  of  E-0  signal  versus  in¬ 
cident  polarization  angle. 


Conclusion 

In  conclusion,  a  new  scheme  of  2-dimensional 
Held  mapping  has  been  demons  tin  fed  on  a  GaAs 
microstrip  line.  This  technique  provides  high  de¬ 
fection  sensitivity  and  can  be  extended  to  higher 
frequencies  for  the  characterization  of  GaAs  mono¬ 
lithic  microwave  integrated  circuits  without  re¬ 
quiring  physical  or  electrical  contact  to  the  device. 
The  high  sensitivity  is  achieved  by  intermixing 
technique,  which  does  not  require  the  modulation 
of  the  microwave  or  the  light  beam.  A  time  re¬ 
solved  characterization  could  be  obtained  provided 
that  the  microwave  is  phase  locked  to  the  laser 
pulses.  With  this  method,  the  interference  effect, 
which  occuers  in  E-O  sanding  when  the  laser  pulse 
duration  is  longer  than  the  optical  round-trip  time 
in  the  substrate,  has  also  been  studied.  The  cal¬ 
culation  is  carried  out  for  normal  incidence  and 
in  th<'  good  aproximation  of  considering  only  the 
two  first  reflections.  Thus,  we  show  that  the  E-0 
output  strongly  depends  on  local  substrate  thick¬ 
ness.  A  variation  of  thickness  of  750.4  is  sufficient 
to  change  the  signal  from  its  maximum  value  to 
zero.  An  absolute  amplitude  calibration  ill  the  E 
0  sampling  technique  is  very  important,  for  MMIC 


theory 


a  I  -  sin(  0  )cos(  26  ) 


experiment 


is  an  adjustable  parameter  ) 


Figure  9.  E-0  signal  versus  polarization  angle,  of 
incident  light  (detection  without  polarizer). 


characterization  and  can  only  be  obtained  if  one 
uses  a  laser  pulse  duration  shorter  than  the  opti¬ 
cal  round  trip  time  (for  h  =  20 ()//m,r  =  bps)  of 
measured  substrate. 
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Abstract 

A  modeling  approach  for  optical  probing  of  ultrafast 
switches  is  presented.  The  model  couples  a  Monte- 
Carlo  solution  with  Maxwell’s  equations  to  make  as 
few  assumptions  as  possible. 


Introduction 

Advances  in  photoconductive  switching  and  electro¬ 
optic  sampling  make  it  possible  to  generate  electrical 
waveforms  with  subpicosecond  risetimes  and  detect 
submillivolt  changes  in  the  created  line  voltages  [1-2], 
A  typical  test  circuit  is  shown  in  Fig.  1.  The  structure 
consists  of  a  photoconductive  switch  and  coplanar 
microstrip  fabricated  on  a  GaAs  substrate.  The  switch 
is  turned  on  by  illuminating  the  gap  with  a  laser  pulse 
(called  the  pump  beam)  to  generate  electron-hole  pairs. 
The  electrons  and  holes  then  move  according  to  the 
fields  created  by  the  bias  voltage  applied  to  one  side  of 
the  switch,  and  induce  a  propagating  wave  on  the 
microstrip  structure. 

Experimentally  measuring  the  induced  electrical 
waveforms  can  be  achieved  by  using  reflection-mode 
electro-optic  sampling.  This  is  done  by  placing  an 
electro-optic  sampling  crystal,  LiTa03,  which  has  been 
coated  on  the  side  adjacent  to  the  circuit  with  a  high 
reflection  dielectric  coating  over  the  photoconductive 
switch  structure.  A  small  hole  has  been  etched  in  the 
LiTa03  to  allow  the  pump  beam  to  enter  the  gap. 
When  the  electric  signal  propagates  along  the 
microstrip  some  of  the  field  lines  above  the  microstrip 
penetrate  into  the  sampling  crystal  and  induce  a  small 
amount  of  transient  birefringence.  A  probe  beam  is 
focussed  a  short  distance  from  the  gap.  The  probe 
beam  passes  through  the  region  of  induced 
birefringence  and  is  reflected  back  out  to  a  detector. 
The  induced  birefringence  is  detected  as  a  polarization 
shift  of  the  probe  beam.  The  probe  beam  was  optically 
biased  to  insure  that  the  detected  polarization  change 
was  a  linear  function  of  the  electric  field  [3-4], 


The  output  of  these  experiments  is  a  polarization 
shift  versus  time.  A  calibration  step  is  done  before  the 
transient  experiment  in  order  to  relate  a  DC  bias  to  a 
polarization  shift  of  the  probe  beam.  This  is  done  by 
biasing  one  side  of  the  switch  with  a  known  range  of 
DC  voltages  and  measuring  the  resulting  polarization 
shifts.  The  transient  experiment  is  conducted  and  the 
polarization  shift  data  recorded.  The  data  is  then 
converted  to  a  voltage,  normalized  to  the  bias  voltage, 
and  plotted  versus  time.  This  method  assumes  that  the 
DC  bias  measurement  of  the  polarization  shift  can  be 
related  to  the  transient  measurement. 

To  properly  model  such  an  experiment  the  high 
frequencies  and  large  switching  fields  must  be 
considered.  Circuit  models  have  questionable  accuracy 
due  to  the  high  frequencies  involved  in  the  switch. 
Semiconductor  models  cannot  ignore  the  relatively 
large  switching  fields  associated  with  the  injection  and 
motion  of  free  carriers.  Moreover,  electromagnetic 
models  are  complicated  by  the  higher  order  modes 
excited  along  the  microstrips.  In  this  paper,  we  shall 
describe  how  one  can  improve  the  modeling  of  such 
problems  by  embedding  a  bipolar  ensemble  Monte- 
Carlo  (EMC)  model  of  a  photoconductive  gap  into  a 
time-domain  solution  of  Maxwell’s  equations  for  the 
field  structures  present  on  the  line. 

Theoretical  Approach 

To  simulate  the  carrier  transport  in  the  semiconductor 
substrate,  we  use  a  bipolar  EMC  model.  EMC 
simulations  keep  track  of  several  thousand 
representative  particles  by  following  their  trajectories 
through  the  system.  The  particles  are  accelerated  by 
fields,  and  the  various  individual  scattering 
mechanisms  are  statistically  simulated  in  order  to 
model  energy  flow.  The  model  used  is  based  upon  a 
three  valley  electron  and  three  band  hole  model  for  the 
GaAs  substrate  with  all  relevant  carrier-phonon  and 
carrier-carrier  scattering  mechanisms  included.  The 
electrodynamic  forces  influencing  the  carriers  are 
considered  through  a  complete  model  of  Lorentz  forces 
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which  include  the  time  evolving  electric  and  magnetic 
fields.  These  fields,  which  depend  upon  the  local 
charge  imbalance  and  the  related  currents,  are  self- 
consistently  calculated  in  each  time  step  by  the  the 
electromagnetic  model  [5]. 

Creation  of  the  electron-hole  pairs  is  simulated  by 
adding  particles  according  to  the  line  shape  of  the  laser 
pulse,  which  can  be  approximated  by  a  hyperbolic 
secant  for  several  laser  types  of  interest.  Since  the 
pump  pulse  is  incident  upon  the  surface  of  the  GaAs  in 
the  microstrip  gap,  the  carrier  photogeneration 
monotonically  decreases  with  depth.  This 
inhomogeneity  is  introduced  into  the  EMC  by  setting 
up  an  initial  carrier  profile,  N(x),  as  a  decaying 
exponential.  Carrier  position  xn  for  the  n1*1  carrier  is 
assigned  using  the  above  weighted  distribution,  and 
picking  random  numbers  rn  as  : 

In  {  1  -  rn  [  1  -  e-ad]) 


with  a  being  the  absorption  coefficient,  and  d  the 
depth  of  the  simulation  [5J. 

A  time  domain  finite  difference  (TD-FD)  solution  of 
Maxwell’s  equations  is  used  to  model  the 
electromagnetic  fields  in  the  switch.  The  TD-FD 
algor’ thm  is  implemented  by  filling  the  three 
dimensional  space  with  a  special  arrangement  of  spatial 
noda  points  called  Yee’s  mesh.  In  Yee’s  mesh  the 
components  of  E  and  H  are  arranged  in  such  a  way 
that  each  component  of  H  can  be  obtained  by  the  loop 
integral  of  E  using  the  four  surrounding  E  nodal 
value-  according  to  Maxwell's  curl  equation  for  E. 
Sirru  irly,  the  components  of  E  can  be  obtained  by  the 
loop  ntegral  of  H  over  the  four  surrounding  H  nodal 
valuer.  In  addition  to  offsetting  the  location  of  E  and 
H  in  ;pace,  they  are  also  offset  in  time  by  half  a  time 
step  This  allows  the  values  of  E  to  be  calculated  at 
time  equal  to  nAt,  and  then  the  values  of  H  to  be 

calc  ated  at  time  (n+^)At.  thus  the  solution  progresses 
in  a  :  -apfrog  manner  [6]. 

Si.  ce  computers  have  limited  memory  capabilities, 
the  e.itire  device  cannot  be  simulated.  To  compensate 
for  ,l  is,  absorbing  boundary  conditions  are  used  to 
truncate  the  simulation  mesh.  Ideally,  absorbing 
bour.,  ary  conditions  allow  waves  to  propagate  through 
the  mesh  boundaries  without  reflection,  thus  giving  the 
impression  of  simulating  an  infinitely  large  structure. 
Mur’s  first  order  approximation  which  completely 
absorbs  waves  at  normal  incidence,  but  reflects  small 
portions  of  waves  with  incident  at  other  angles,  is  used 
[71. 

Coupling  the  EMC  model  with  the  solution  to 
Maxwell's  equations  is  accomplished  through 
transformations  of  the  information  between  the  two 
mode's.  This  is  necessary  because  the  EMC  is  only 
simulated  over  a  portion  of  the  structure  (the  gap) 
while  Maxwell's  equations  are  solved  over  the  entire 
device.  The  carriers  appear  in  Maxwell’s  equations  as 
sources  of  electromagnetic  fields,  and  electromagnetic 


fields  appear  in  the  EMC  transport  model  as  forcing 
functions.  The  EMC  model  therefore,  takes  an  average 
value  of  the  fields  over  a  cell  in  its  volume  and  uses 
that  information  to  calculate  carrier  velocity  and 
position,  and  also  to  trace  the  the  carriers  crossing  the 
borders  of  each  cell.  The  current  density  obtained  is 
then  transformed  to  properly  interact  with  the 
electromagnetic  model. 

As  was  previously  mentioned  it  is  desirable  to 
simulate  the  probe  beam  as  it  propagates  through  the 
electro-optic  sampling  crystal.  The  probe  beam  is 
stepped  through  the  boxes  of  the  TD-FD  algorithm 
along  its  path.  Thus  at  eacii  time  step  of  the  simulation 
the  magnitude  of  the  fields  seen  by  the  probe  beam  is 
summed.  When  the  probe  beam  leaves  the  crystal  the 
fields  summed  after  reflection  from  the  high  reflection 
dielectric  coating  are  subtracted  from  the  fields 
summed  before  the  reflection  due  to  the  change  in 
propagation  direction.  This  provides  us  with  data 
similar  to  the  polarization  versus  time  results  obtained 
from  experimental  data.  The  data  must  also  be 
transformed  from  a  summation  of  the  fields  to  a  bias 
voltages.  This  can  be  accomplished  by  first  changing 
the  summation  of  the  fields  to  a  DC  voltage  and  then 
normalizing  by  the  bias  voltage.  A  simpler  method  is 
to  simply  dividing  the  transient  data  by  the  DC  field 
summation,  since  the  field  summation  is  linearly 
related  to  the  bias  voltage. 

Results 

This  technique  is  used  to  simulate  the  photoconductive 
switch,  shown  in  Fig.  1.  The  values  used  in  our 
simulations  are  as  follows.  The  thickness  of  the  GaAs, 
Dx ,  is  10pm.  The  width  of  each  strip,  Ws,  is  10pm 
and  the  separation  between  them,  Wg,  is  10pm.  The 
microstrip  gap  length  ,  Lg,  is  10pm  and  the  bias  is  10 
volts.  The  overall  structure  has  dimensions 
Lx  =  15pm,  Ly  =  36pm,  and  Lz  =  30pm  and  is 
discretized  using  a  three  dimensional  mesh  with  a 
uniform  grid  spacing  of  0.5pm.  A  time  step  of  5e',7s 
is  used  to  remain  below  the  Courant  stability  limit  [6]. 


Figure  1 .  Dimensions  of  simulated  structure. 
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A  laser  pulse  of  energy  1 .55  eV  and  30  fs  (FWHM) 
duration  is  applied  to  the  gap,  generating  a  carrier 
concentration  of  5xl015  cm'3. 

Shown  in  Figs.  2  through  5  are  normalized  plots  of 
the  X  and  Z  components  of  the  total  field  located  just 
below  the  GaAs/LiTa(>3  interface.  Figs.  2  and  4  show 
the  field  components  at  time  t  =  0. 1  ps.  These  plots 
show  the  large  bias  fields,  but  the  effect  of  the  mobile 
carriers  is  not  yet  seen.  This  is  because  the  carriers, 
which  were  introduced  at  time  t  =  0,  have  not  had 
enough  time  to  move  and  thus  no  noticeable  AC  field 
were  created.  On  the  other  hand,  Figs.  3  and  5  show 
the  field  components  at  t  =  2.0  ps.  In  these  plots,  the 
effects  of  the  mobile  carriers  can  be  seen  with  the  most 
noticeable  changes  occurring  in  the  microstrip  gap. 


Figure  2.  X  component  of  the  electric  field  at  t=0.  lps. 


Figure  3.  X  component  of  the  electric  field  at 
t=2.0  ps. 


Figure  4.  Z  component  of  the  electric  field  at  t=0. 1  ps. 


Figure  5.  Z  component  of  the  electric  field  at  t=2.0ps. 


Next,  the  distribution  of  electrons  and  holes  in  the 
microstrip  gap  are  shown  in  Figs.  6  through  9.  These 
distributions  represent  the  carriers  in  the  GaAs  just 
below  the  interface.  The  distributions  at  time  t=0.1  ps 
are  somewhat  random,  again  this  is  expected  due  to  the 
fact  that  the  carriers  lacked  enough  time  to  move.  But 
by  time  t=2.0  ps  some  motion  can  be  detected  in  the 
electron  distribution  with  the  electrons  moving  towards 
the  positively  biased  electrode  as  expected.  On  the 
oth“r  hand,  no  noticeable  change  can  be  seen  in  the 
hole  distribution  due  to  the  lower  mobility  of  the  holes. 


Figure  6.  Electron  distribution  in  the  gap  at  t=0.1  ps. 
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Fig.  8.  Hole  distribution  in  the  gap  at  t=0.1  ps. 


Figure  9.  Hole  distribution  in  the  gap  at  t=2.0  ps. 


The  average  electron  velocity  in  the  z  direction  is 
plotted  in  Fig.  10.  The  electron  velocity  plot  shows  the 
overshoot  expected  when  carriers  are  introduced  to 
high  fields  and  then  decay  towards  the  steady  state 
value. 

The  fields  seen  by  the  probe  beam  as  it  propagates 
through  the  LiTaC>3  are  modelled  and  shown  in  Fig. 
11. 


Figure  10  Average  electron  velocity  in  the  z  direction. 


Figure  1 1 .  Normalized  voltage  versus  time. 

The  probe  beam  travels  at  a  45°  angle  through  the 
LiTaC>3  and  is  reflected  at  the  probe  point,  which  is 
centered  between  the  two  microstrips  in  the  Y  direction 
and  next  to  the  positively  biased  electrode  in  the  Z 
direction.  The  probe  point  is  then  moved  across  the 
gap  and  positioned  next  to  the  grounded  strip.  The 
sampled  voltage  is  depicted  in  Fig.  1 2. 

The  switching  voltage  patterns  shown  in  Figs.  1 1  and 
1 2  are  analogous  to  the  experimental  results  presented 
in  [4-5]. 


Time  (ps) 

Figure  12.  Normalized  voltage  versus  time. 


Coiiclusion 

We  have  presented  a  new  method  for  modeling 
photoconductive  switches  and  directly  comparing  with 
experimental  results.  This  model  couples  a  three 
dimensional  solution  of  Maxwell’s  equations  in  the 
time  domain  with  a  bipolar  Ensemble  Monte-Carlo 
model.  This  new  model  avoids  oversimplifying 
assumptions,  provides  a  method  for  obtaining  the 
spatial  and  temporal  evolution  of  carrier  flow  and 
electromagnetic  wave  propagation,  and  presents 
information  on  the  probe  pulse  that  can  be  used  to 
verify  experimental  results. 

*R.  Joshi  is  at  the  Department  of  Electrical 
Engineering  Old  Dominion  University,  Norfolk, 
Virginia  23529. 
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The  noise  in  Electro-Optic  (E-0)  sampling 
system  is  exaained  and  is  proved  to  be 
aainly  due  to  wavelength  dependence  on  the 
aodulation.  Then,  we  propose  a  structurally 
new  E-0  probe  for  noise  reduction.  Use  of  a 
new  E-0  probe  having  a  spontaneous 
birefringence  compensation  crystal  reduces 
the  noise  and  resulted  in  a  6  fold 
iaproveaent  in  minimum  detectability. 
Finally,  We  have  achieved  a  minimum 
detectable  voltage  of  7  mV/  J~  Hz  with  32  ps 
time  resolution  at  d  =  0. 


1.  Introduction 

E-0  sampling  is  a  useful  technique  for 
measuring  high  speed  electrical  waveforms  at 
internal  nodes  in  fast  Integrated  Circuits 
(ICs).  For  practical  applications  on  the 
measurement  mentioned  above,  we  proposed, 
for  the  first  time  in  1989 [ 1 J ,  E-0  sampling 
using  a  longitudinal  probe  and  laser  diode 
(LD)  pulses.  This  method  has  many 
advantages.  For  practical  measurements, 
longitudinal  probing  is  essential,  because 
it  measures  electric  fields  just  above  the 
conductor.  The  laser  diode  pulser  is  more 
compact,  convenient  and  reliable  than  dye 
lasers,  and  this  makes  the  instrument  much 
easier  to  handle.  Moreover  the  strobe 
pulses  can  be  easily  synchronized  with  the 
clock  signal  of  the  Device  Under  Test  (DUT), 
and  its  timing  can  also  be  easily  changed 
electrically.  This  makes  possible  the 
measurement  of  electrical  signals  without 
their  chopping. 

In  the  present  paper,  firstly  we  make  an 
overview  of  the  system,  including  two 
advanced  techniques  developed  making  use  of 
advantages  of  the  proposed  method.  These 


are  monitoring  of  the  measuring  points[l,21, 
which  makes  measurement  reliable,  and 
measuring  of  non-chopped  electric  signals! 2] 
by  changing  the  timing  of  the  strobe  pulses, 
which  is  essential  for  practical  use. 

Next,  we  discuss  improvements  in  the 
minimum  detectability,  including  the 
analysis  of  noise  sources  in  the  E-0 
sampling  system. 

Then,  we  propose,  for  the  first  time,  a 
structurally  new  probe  which  compensates  for 
the  output  signal  intensity  fluctuation  due 
to  the  temporal  fluctuation  of  the  spectra 
of  the  strobe  pulses.  We  have  improved  the 
minimum  detectability  about  6  fold  using  the 
new  probe. 

2.  Overview  of  The  System 
Operating  Principle 

The  systematic  diagram  of  the  E-0  sampling 
systea  using  a  longitudinal  probe  and  an  LD 
is  shown  in  Fig.l.  The  LD  generates  highly 


Figurel.  Systematic  diagram  of  the  E-0 
sampling  system  using  a  longitudinal 
probe  and  a  laser  diode. 
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repetitive  picosecond  pulses  synchronized 
with  the  electrical  signal  to  be  measured. 
These  picosecond  pulses  are  guided  to  the 
E-0  probe  and  used  as  strobe  pulses  for  E-0 
sampling,  and  reflected  back  at  the  end 
facet  of  the  probe  tip.  The  DUT  is  placed 
in  front  of  the  probe  tip  at  the  distance; 
d.  The  polarization  of  the  strobe  pulses 
are  modulated  in  the  E-0  crystal  of  the 
probe  due  to  the  longitudinal  electric  field 
corresponding  to  the  voltage  to  be  measured. 

The  reflected  strobe  pulses  are  detected 
by  the  photodetector  after  passing  through 
an  analyzer.  Then  we  can  know  the  voltage 
to  be  measured.  The  entire  voltage  waveform 
is  measured  by  changing  the  timing  of  the 
strobe  pulses.  The  temporal  resolution  of 
the  system  almost  corresponds  to  the 
duration  of  the  strobe  pulses.  As  we  use 
the  LD,  the  timing  shift  of  the  strobe 
pulses  is  easily  performed  electrically. 

Monitoring  of  The  Measuring  Pointri,2] 

It  is  essential  to  monitor  the  measuring 
point  for  practical  use.  Fig.  2  shows  the 
monitoring  method.  A  microscope  (Olympus; 
BHM)  has  been  modified  for  this  purpose. 
The  Dl'T  is  illuminated  by  visible  light 
reflected  by  a  half  mirror.  A  dichroic 
mirror  is  used  as  a  reflection  means  for  the 


Figure2.  Configuration  to  monitor  the 
measuring  point  on  the  device  under 
test  . 


- 

50|im 


Figure3.  Example  of  the  monitor  image  of 
the  measuring  point  on  an  1C. 


strobe  laser  pulses.  Incident  laser  pulses 
into  the  crystal  are  reflected  back  to  the 
dichroic  mirror  by  the  dielectric  coating  on 
the  crystal  facet.  Most  of  reflected  laser 
pulses  are  reflected  again  by  the  dichroic 
mirror  and  are  detected. 

Small  amounts  of  the  laser  pulses  from 
the  E-0  crystal  are  passed  through  the 
dichroic  mirror  to  a  CCD  camera  (Hamamatsu; 
C3077).  Then  we  can  see  the  image  of  the 
measuring  point  which  is  superimposed  on  the 
structural  image  of  the  DUT  on  the  monitor. 
This  setup  makes  critical  and  fine 
adjustment  of  the  measurement  point  easier. 
The  image  can  be  printed  out  by  a  video 
printer.  Fig. 3  shows  an  example  of  the 
monitor  image,  where  the  measuring  point  and 
the  IC  pattern  can  be  seen  clearly.  The 
measuring  point  is  indicated  by  a  brighter 
spot  in  the  figure.  The  brighter  spot  is 
already  on  which  we  want  to  make  a  measure¬ 
ment.  This  is  a  big  merit  of  using  the 
longitudinal  E-0  probe. 

Measurement  without  Chopping  The  Electrical 
Signals[2] 

To  detect  small  changes  of  the  strobe  pulse 
intensity,  the  electric  signal  to  be 

measured  has  until  now  been  switched  on  and 
off  (chopped),  and  the  corresponding  signal 
is  lock-in  detected.  This  presents,  howev¬ 
er,  a  serious  problem  for  practical  use. 
The  chopping  operation  scheme  is  complicated 
and  distortion  of  the  signal  to  be  measured 
may  occur  in  the  chopping  device.  To  solve 
these  problems,  we  have  invented  a  new 
method. 

The  operating  principle  is  schematically 
shown  in  Fig. 4.  The  timings  of  the  strobe 
pulses  are  switched  at  points  a  and  b 


V 


Figure4.  Principle  of  the  Strobe  Pulse 
Timing  Control  Method  (SPTCM). 
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alternately  at  several  kHz.  The  signal 
component,  at  the  switching  frequency,  in 
the  output  of  the  photodetector  is 
pre-ampl i f ied  and  detected  by  a  lock-in 
amplifier  whose  band  width  is  very  narrow. 
Using  this  scheme,  we  can  detect  the  voltage 
B-A.  If  we  choose  the  timing;  a,  at  the 
neutral  point  in  the  waveform,  and  change 
the  timing;  b  to  c,  d,  ••■•.we  can  measure 
the  entire  waveform;  B,  C,  D,  •-••.  We 
named  this  the  Strobe  Pulse  Timing  Control 
Method  (SPTCM).  As  we  use  a  laser  diode 
pulser,  we  can  easily  change  the  strobe 
pulse  timing  and  also  synchronize  its  timing 
with  the  electrical  signal  to  be  measured. 

3.  Minimum  Detectability 

The  minimum  detectability  of  the  E-0 
sampling  system  is  mainly  limited  bv 
halfwave  voltage  and  noise  of  an  E-0 
sampling  system.  We  used  an  E-0  probe  made 
of  LiNbO?  ( LN )  whose  halfwave  voltage  is  the 
smallest  of  available  crystals.  Table. 1 
shows  calculation  results  of  halfwave 
voltages  of  several  crystals  for  a 
longitudinal  E-0  modulator.  In  this 

calculation,  we  examined  all  degrees  of  6 , 
<t>  al  1  degree  steps  in  the  polar 
coordinate  svstem. 

The  system  noise  is  composed  of  (a’  the 
noise  of  the  photodetector  and  electronic 
circuit,  (b)  the  noise  or  intensity  fluctua¬ 
tion  of  the  strobe  pulses,  and  (c)  the  noise 
or  fluctuation  generated  m  the  E-0  probe. 
The  noise  in  (a)  was  reduced  to  the  shot 
noise  level.  The  noise  in  (b)  was  reduced 
by  opto-electr ic  feedback.  We  have  recently 
found  that  the  noise  in  (c)  was  the  largest 
of  the  svstem  noise  components. 

Since  the  mechanism  of  generating  the 
noise  in  (c)  has  not  been  well  understood  so 

Table. 1  Halfwave  voltages  of  topical 

crystals  for  the  longitudinal  E-0 

modulator 


Crystal  Name 

Halfwave 

Voltage  (kV) 

(i  a  A  S 

6  .  2 

a  n  •  p 

2.  4 

K  D  '  P 

3  .  5 

f.  i  N  b  u 

2.  3 

[  i  Tat)-. 

3  .  6 

B  S  O 

3.  9 

far,  we  have  studied  it  experimentally,  and 
found  out  that  the  temporal  fluctuation  of 
the  spectra  of  the  strobe  pulses  originated 
intensity  fluctuation  of  the  output  signal 
of  the  E-0  sampling  (which  is  the  detected 
signal  of  light  from  the  analyzer). 

A  pin  photodiode  and  a  low  noise 
pre-amplifier  were  used  as  an  optical 
receiver.  The  noise  generated  in  the 
receiver  was  confirmed  to  be  less  than  the 
shot  noise  of  the  input  signal. 

Then,  we  experimentally  investigated  the 
relationship  between  the  noise  and  the 
driving  circuit  of  the  LD,  and  succeeded  in 
reducing  the  noise  down  to  near  the  shot 
noise  level.  The  most  effective  means  was 
by  opto-electrical  feedback  of  the  laser 
light.  One  part  of  the  laser  pulse  was 
detected  and  the  corresponding  electrical 
signal  was  fed  back  to  the  driver.  By  using 
this  method,  the  laser  noise  was  reduced  to 
1/3  ~  1/4  of  that  without  the  feedback 
scheme. 

Further,  we  experimentally  investigated 
the  origin  of  the  remaining  noise  which 

LD  PBS  E-O  probe 


Y  PD1  Y  PD2 

RIN1  RIN2 

ARIN  =  RIN  2  -  RIN 1 


Figure5.  Experimental  set-up  for  studying 
the  origin  of  the  noise  ( Babinet-Solei 1 
compensator  is  not  shown). 
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Figure6.  Relationship  between  A  RIN  and 
A  v  tor  several  separate  LDs. 


Picosecond  Electronics  and  Optoelectronics 


67 


corresponds  to  the  noise  in  (c)  mentioned 
before.  The  experimental  setup  is  shown  in 
Fig. 5.  The  relative  intensity  noise  of 
light  pulses,  after  passing  through  the 
Polarizing  Beam  Splitter  (PBS)  and  the  E-0 
probe;  R1N2  was  found  to  be  larger  than 
relative  intensity  noise  of  the  original 
laser  pulses;  RIN1.  To  make  this  point 
clear,  measurements  were  carried  out  for 
several  separate  types  of  laser  diodes  in 
the  similar  operation  way.  The  measured 
A  RIN  =  RIN2  —  RIN1  is  plotted  against  the 
spectral  width;  A  v  in  Fig. 6.  The  A  RIN 
means  the  noise  added  in  the  E-0  probe. 
From  Fig. 6,  we  see  the  A  RIN  is  in 
proportion  to  A  P . 

Here,  it  is  important  to  notice  that  the 
strobe  pulses  have  multi-longitudinal-nodes 
and  spectral  envelope  has  a  FWHM  of  about  1 
~  4  nm.  Taking  this  point  into  account, 
the  experimental  results  as  shown  in  Fig.  6 
may  be  understood  as  that  the  spectra  is 
fluctuating  for  each  pulse,  and  results  in 
fluctuation  of  the  output  signal  due  to  the 
wavelength  dependence  on  the  parameters  of 
modulation.  Mode-hopping  in  the  laser 
oscillation  may  be  one  of  the  spectral  fluc¬ 
tuations. 

Therefore,  noise  reduction  is  expected  by 
the  following  three  methods: 

(1)  Use  of  LDs  such  as  DFB-LD  oscillating 
at  single-longitudinal-mode. 

(2)  Use  of  a  crystal  having  a  smaller 
spontaneous  birefringence. 

(3)  Compensation  of  wavelength  dependence 
on  modulation  related  to  the 
spontaneous  birefringence  in  the  LN 
modulator. 

Usage  of  DFB-LDs  was  experimentally 
proven  effective  to  reduce  noise.  However, 
it  is  difficult  to  get  780  nm  DFB-LDs  at 
this  time.  Usage  of  a  smaller  birefringence 
crystal  such  as  LiTaOa  (LT)  gives  the  disad¬ 
vantage  of  a  higher  halfwave  voltage  as 
shown  in  Table. 1.  Consequently,  we  tried 
the  method  (3)  mentioned  above  by  adopting 
the  compensation  crystal  to  the  E-0  probe. 


Figure7.  Schematic  diagram  of  the  new  E-0 
probe  and  its  crystal  axes. 


4.  Structurally  New  E-0  Probe 

The  new  probe  is  schematically  shown  in 
Fig.  7,  with  axes  of  the  crystal.  The  fir.'.t 
crystal  of  LN  is  used  as  a  longitudinal  E-0 
modulator  and  second  one  is  used  as  a 
compensator.  The  first  crystal  has 
dielectric  mirror  coat  and  is  about  100  u 
m(w)  X  100  m  m(l)  X  75  u  m(t)  in  size.  The 
light  incident  axis  makes  an  angle  of  55  ° 
to  the  z-axis  (optical  axis  of  the 
crystal)[l].  The  best  sensitivity  is 
obtained  by  this  55  °  cutting  structured], 
in  the  case  of  the  longitudinal  modulator. 

The  second  crystal  is  attached  to  the 
first  crystal  and  supported  by  a  glass 
block.  There  is  no  difference  between  the 
first  and  the  second  crystal  except  that  the 
x-axis  make  a  90  °  angle  with  each  other. 
Both  end  facets  of  the  second  crystal  have 
transparent  electrodes  (backside  electrodes) 
of  ITO  (Indium  Tin  Oxide)  which  are  kept  at 
the  same  electric  potential  by  the  side 
electrode. 

The  second  crystal  operates  to  compensate 
wavelength  dependence  on  the  modulation 
depth  related  to  the  spontaneous 
birefringence  of  the  first  crystal.  By  this 
new  E-0  probe,  A  RIN  was  reduced  to  about  2 
dB  for  normal  780  nm  laser  diode  pulses 
having  a  frequency  width  of  1.8  x  10- -  Hz. 

5.  Experimental  Results 

Fig. 8  shows  the  waveform  of  the  strobe 
pulses  measured  with  a  sampling  optical 
oscilloscope  (Hamamatsu;  OOS-Ol).  The  FWHM 
of  the  optical  strobe  pulses  is  less  than  30 
ps.  By  using  these  strobe  pulses  in  the 
SPTCM  at  a  distance  of  d  =  0  between  the 
probe  and  the  electrode,  we  have  measured 
high  speed  electrical  signals  of  5  Vp-p 
which  are  generated  by  a  comb  generator. 
Observed  waveforms  using  conventional  and 
new  E-0  probe  are  shown  in  Fig.  9  (a)  and 


Figure8.  Waveform  of  the  optical  strobe 
pulses  measured  with  OOS-01. 
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Figure?.  Measured  electrical  waveform 
using  (a)  a  com.  ent  ional  E-0  probe  and 
(b)  a  new  E-0  probe. 


(b),  respectively.  The  DL'T  was  microstrip 
electrode  (Omni  Spectra;  Microstrip  Test 
Fixture).  In  both  cases,  the  measurement 
time  was  11  s  and  the  time  constant  of  the 
lock-in  amplifier  was  10  ms.  Using  these 
values,  scan  speed  for  timing  shift;  143 
ps/'s  and  the  strobe  pulse  duration  of  30  ps, 
the  limiting  time  resolution  of  the  system 
is  calculated  to  be  less  than  32  ps,  which 
is  almost  equal  to  the  duration  of  the 
st  robe  pu t ses . 

r rom  these  two  figures,  it  is  clearly 
seen  that  the  noise  is  greatly  reduced  by 
the  new  E-0  probe.  The  equivalent  input 
noise  were  measured  to  be  about  42  mV/  Hz 
for  (a)  and  7  mV/  J~  Hz  for  (b),  respective- 
l \  .  By  adopting  the  second  crystal  as  a 
compensator,  the  intensity  fluctuation  of 
the  strobe  pulses  after  passing  through  the 
analyzer  was  greatly  reduced,  improving  the 
minimum  detectability  6  fold. 

The  new  E-0  probe  also  has  another 
advantage.  its  sensitivity  is  independent 
of  temperature  because  the  second  crystal 
compensates  automatically  for  the 
temperature  drift  of  the  optical  parameters 
of  the  first  crystal. 


6.  Conclusions 


We  made  an  overview  of  the  E-0  sampling  sys¬ 
tem  using  a  longitudinal  probe  and  laser 
diode  pulses  including  the  monitoring  system 
and  a  newly  developed  measuring  method  for 
non-chopped  electric  signals.  Then  we  stud¬ 
ied  the  main  noise  of  the  output  signal,  and 
we  have  proven  that  the  main  reason  for  this 
was  the  wavelength  dependence  on  the 
modulation.  We  have  developed  a  structural¬ 
ly  new  E-0  probe,  reduced  the  noise  and 
improved  the  minimum  detectability  6  fold. 

We  have  achieved  a  minimum  detectable 
voltage  of  7  mV/  /"  Hz  with  32  ps  time 
resolution  at  d  =  0.  By  adopting  this 
technology  to  the  system  so  far  developed  by 
us[ll,  the  E-0  sampling  system  gives  the 
following  performances: 

(a)  Sensitivity;  Vmin  =  7  bV//~Hz,  at 
d  %  0 

(b)  Temporal  resolution;  32  ps 

(c)  Spatial  resolution;  5  u  m 

(Laser  spot  diameter  at  the  probe  tip) 

(d)  Non-contact  measurement 

(0  £  d  £  20  n  a) 

(e)  Absolute  voltage  measurement 

(The  possibility  was  proved! 1 ,2,4]  ) 

(f)  Synchronization  of  the  strobe  pulses 

with  the  electric  signal  to  be 

measured 

(g)  A  system  without  any  mechanical  delay 
means 

(h)  Non-chopped  electric  signal 

measurement 

(i)  Sensitivity  free  from  the  structural 

location  of  the  device 

(.))  Exact  monitoring  of  the  measuring 

point 

(k)  Sensitivity  is  not  a  strong  function 
of  the  distance;  d 

(Sensitivity  Enhanced  Method  has  been 
developed! 1,2,4]) 

As  of  now,  we  are  finishing  the  basic 
research.  In  the  next  stage,  we  will  study 
the  practical  application  field,  e.g.  where 
triggering  of  the  laser  pulses  to  the 
electric  signal  to  b,  measured  is  very 
important . 
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Non-contact  picosecond  electro-optic 
sampling  utilizing  semiconductor  laser 
pulses  is  discussed  in  regard  to  improvement 
of  space  dependent  sensitivity  and  absolute 
voltage  measurement. 


1.  Introduction 

While  the  need  for  measurement  systems 
capable  of  characterizing  ultrafast 
electrical  signals  has  grown  according  to 
the  increasing  speed  of  electrical  devices, 
Valdmanis  et  al.  have,  for  the  first  time, 
achieved  time-resolved  ultrafast  photo¬ 
detection  with  accuracy  of  less  than  lps  by 
electro-optic  sampling  using  a  CPM  dye  laser 
(1-2).  Nowadays  the  electro-optic  sampling 
method  has  opened  a  new  area  as  a 
measurement  method  of  ultrafast  electrical 
signals  [3-7]. 

We  proposed,  for  the  first  time,  non- 
coiilnct  picosecond  electro-optic  sampling 
utilizing  a  longitudinal  probe  and 
semiconductor  laser  pulses  for  the  purpose 
of  practical  use  ir.  1989  [8].  The  laser 
diode  has  the  advantage  of  small  size,  easy 
handling,  good  reliability  and  the 
capability  of  synchronization  with  the  clock 
signal  for  the  device  under  test  and 
measurement  of  non-chopped  electric  signals 
by  changing  the  timing  of  the  strobe  pulse 
[9,10]. 

In  the  present  paper  we  discuss  new  method 
for  improving  sensitivity,  that  is  the 
capability  to  measure  signals  with  small 
dependence  on  the  distance  between  the  E-0 
probe  and  the  device  under  test,  and  a 
possibility  to  measure  the  absolute  voltage. 


Figure  1.  (a)  Schematic  diagram  of  the  E-0 
probe  and  its  axes.  (b)  Relationship  among 
the  incident  light,  an  E-0  probe  and  a 
coplanar  electrodes. 
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2.  Over  View  of  the  System 


The  longitudinal  E-0  probe  has  a  backside 
electrode,  and  has  the  following  advantages 
compared  with  traditional  transverse  E-0 
probes. 


1)  Sensitivity  independent  from  the 

horizontal  direction  of  the  circuit. 

2)  Smaller  cross  talk  results  in  higher 

spatial  resolution. 

(3)  Exact  monitoring  of  the  measurement 
point . 


Fig. 1(a)  shows  the  structure  of  the 
longitudinal  E-0  probe  made  of  LiNb03.  The 
light  incident  axis  makes  an  angle  of  55  ° 
to  the  Z-axis  (optical  axis  of  the  crystal). 
The  best  sensitivity  is  obtained  by  55  ° 
cutting  structure,  in  case  of  longitudinal 
detect  ion. The  E-0  probe  is  100  /u  m  X  100  u  m 
X  50  u  i  in  size  and  is  supported  by  a  glass 
block  of  about  lmm?.  The  bottom  of  the 
LiNbO  has  a  dielectric  coating,  and  the 
upper  side  has  a  transparent  electrode  of 
ITO  (Indium  Tin  Oxide).  Fig. 1(b)  shows  the 
schematic  diagram  of  the  E-0  probe  and  the 
circuit  under  test;  eoplanar  electrodes  have 
a  width  of  50  u  m,  and  a  separation  of  50 
u  m. 


Figure. 2  Explanatory  schematic  diagram  of 
the  principle  improving  the  space  dependency 
of  the  sens  it  i v  i t  y . 


0  50  100  150  200  (pm) 
DISTANCE 


(a) 

Fignr .  .  Output  signal  waveforms  along  the 

(a)  traditional  and  (b)  improved  method. 


proving  Space  Dependent  Sensitivity 


Recently  we  have  greatly  improved  the  space 
dependence  of  the  sensitivity  by  a  newly 
invented  method.  We  were  thinking  about  how 
to  effectively  gather  the  lines  of  electric 
force  into  the  crystal  in  order  to 
strengthen  the  induced  birefringence.  We 
dealt  with  the  E-0  probe  and  the  electrode 
of  the  circuit  as  a  capacitor  consisting  of 
parallel  plates  as  shown  in  Fig. 2.  If  the 
space  between  the  crystal  and  the  electrode 
is  filled  up  with  a  material  having  a  higher 
dielectric  constant,  stronger  signals  could 
be  obtained  than  that  without  the  material. 

If  the  material  is  liquid,  the  E-0  probe 
can  be  moved  around  smoothly.  Hence,  we 
decided  to  fill  the  space  with  alcohol  as 
one  of  the  possible  materials.  Alcohol  is  a 
safe  material  for  the  device.  As  the 
relative  dielectric  constant  of  alcohol  is 
25,  we  may  expect  10  times  stronger  signal 
than  usual. 

We  measured  curves  by  changing  the  probe 
position  along  the  Z  axis,  for  both  cases; 
air  and  alcohol  in  the  space.  Obtained 
curves  are  shown  in  Fig. 3.  Fig. 3(a)  is 
obtained  under  the  usual  method  (air)  and 
Fig. 3(b)  is  obtained  under  the  new  method 
( alcohol ) . 

We  observed  high  speed  electrical 
waveforms  on  the  eoplanar  electrodes.  As  for 
comparison,  measurements  were  carried  out 
with  (a)  no  material  in  the  space  and  (b) 
alcohol  in  the  space.  Fig. 4  shows  the 
waveforms  at  a  Z-distance  of  20  g  ■  (d=20  u 
m)  and  signal  voltage  of  5Vp-p.  The 
difference  is  clearly  seen.  The  peak  to 
peak  wave  of  the  signal  shown  in  Fig. 4(b)  is 
about  half  of  that  measured  at  d  =  0. 


0  50  100  150  200  (pm) 
DISTANCE 


(b) 

X-axis,  against  the  distance  Z; 
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TIME  (200ps/div) 


(a) 


(b) 


Figure  4.  Output  signal  at  the  spacing  d=20  u  m;  (a)  without  and  (b)  with  alcohol. 


The  reduction  of  the  signal  amplitude  along 
the  space  distance  is  faster  than  that  in  a 
static  condition  as  shown  in  Fig. 3.  This  is 
because  the  dielectric  constant  of  alcohol 
in  the  high  frequency  range  is  not  as  large 
as  that  in  the  low  frequency  range.  Further 
investigation  for  other  materials  is  needed 
in  order  to  obtain  a  better  frequency 
response . 

The  equivalent  input  noise  is  calculated 
to  be  125mt/vrHz.  This  means  sensitivity 
is  improved  5  times  than  that  without 
alcohol.  The  time  constant  of  the  lock-in 
amplifier  is  10ms,  and  the  timing  shift  rate 
of  the  system  is  444ps/s.  Therefore,  2ns 
real  time  scale  corresponds  to  4.5s  on  the 
record.  Using  these  values  and  a  laser  pulse 
width  of  40ps,  the  time  resolution  of  the 
system  is  calculated  to  be  less  than  45ps. 

The  signal  to  noise  ratio  is  improved  by 
taking  longer  measurement  time,  without 
losing  the  time  resolution. 

4.  Absolute  Voltage  Measurement 

Next,  we  discuss  the  possibility  of  absolute 
voltage  measurement.  As  said  before,  the 
probe  has  a  backside  electrode  which  can 
gather  lines  of  electric  force  into  the 
crystal  effectively  as  shown  in  Fig. 5(a) 
when  the  backside  transparent  electrode  is 
grounded.  In  addition,  the  lines  of 
electric  force  can  be  driven  out  by  applying 
voltage  to  the  backside  electrode  as  shown 
i  n  F  i  g .  5  (  b ) . 

W'e  applied  square  waves  at  2KHz  to  the 
transparent  electrode  in  order  to  drive  out 
the  lines  of  electric  power  in  thi  crvstal. 
The  square  wave  voltage  should  be 
synchronized  with  the  chopping  signal.  At 
that  time,  the  waveform  shown  in  Fig. 6(a), 
obtained  by  normal  condition,  changed  its 
D.C.  level  as  shown  in  Fig. 6(b). 

This  data  was  measured  at  d  =  20  u  m  with 
alcohol.  Vie  recorded  the  Acos  6  component 
from  the  iock-in  amplifier.  If  the  signal  A 


of  the  lock-in  amplifier  is  recorded,  a 
reversed  waveform  at  the  ground  level  is 
observed.  We  applied  5Vp-p  signal  to  be 
measured,  and  increased  the  applied  voltage 
to  the  backside  electrode  from  0\ ,  until  the 
peak  of  measured  waveform  came  down  to  the 
ground  level  as  shown  in  Fig. 6(b).  In  the 
case  of  Fig. 6(b),  a  0.88Vp-p  square  wave  of 
2KHz  was  applied  to  the  backside  electrode. 
This  means  we  can  measure  the  voltage  of  any 
point  without  changing  the  timing  of  the 
laser  pulses.  The  voltage  being  applied  to 
the  transparent  electrode  is  still  a  weak 
function  of  the  distance  between  probe’  tip 
and  circuit  under  test,  and  also  the 
waveform  to  be  measured.  This  may  limit  the 
application  of  the  absolute  voltage 
measurement.  For  example,  we  need  to  appl> 
a  1.7Vp-p  square  wave  at  the  distance  d=0 
with  alcohol  for  the  same  signal.  Also  when 
the  waveform  to  be  measured  is  a  sine  wave 
having  the  same  peak  to  peak  voltage  as 
before,  we  need  to  apply  1.2\p-p  at  the 
distance  of  d-20  u  m  with  alcohol.  We  ma> 
be  able  to  use  this  method  to  find  t  he 
absolute  voltage  roughly  by  use  of  a  lookup 
table  or  by  other  means. 


V  V 

(a)  (b) 


Figure  5.  Schematic  diagram  showing  the 
principle  of  the  absolute  voltage 
measurement;  backside  electrode  is  (a) 
grounded  and  (b)  biased. 
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(a)  (b) 

Figure  6.  Example  of  the  output  signal  showing  the  absolute  voltage  measurement.  The 
signal  obtained  at  normal  condition  (a)  is  shifted  down  by  applying  the  bias  voltage  to 
the  backside  electrode.  The  absolute  peak  voltage  of  the  signal  to  be  measured  can  be 
known  from  the  bias  voltage  when  the  peak  of  the  output  signal  reaches  the  ground  level 
(b). 


5 .  Summary 

For  practical  use  of  E-0  sampling,  such  as 
high  speed  waveform  measurement  at  internal 
nodes  in  integrated  circuits,  we  have 
studied  non-contact  E-0  sampling  utilizing  a 
longitudinal  probe  and  a  semiconductor 
laser.  Progress  is  as  follows:  a)  a  new 

method  for  improving  sensitivity,  which 
doesn’t  depend  strongly  on  the  distance 
between  the  E-0  probe  and  the  device  under 
test,  b)  possibility  of  absolute  voltage 

measurement.  As  for  a),  we  developed  the 

idea  of  filling  the  space  between  the  E-0 

probe  and  the  device  being  tested  with  a 
high  dielectric  constant  material.  The 
sensitivity  became  5  times  better  at  a  20 
M  m  distance.  Also  we  have  demonstrated 

that  b)  can  be  solved  by  utilizing  a 
longitudinal  E-0  probe  with  a  backside 
electrode. 

Finally,  we  achieved  an  equivalent  input 
noise  of  125mV/  Hz  with  a  45ps  time 
resolution  at  20  u  m  spacing.  However,  some 
system  noise  occurred.  It  is  understood 
that  the  main  cause  of  this  is  spectral 

broadening  of  the  laser  pulses.  We  expect 
the  sensitivity  to  improve  10  times  more  by 
reducing  this  noise.  Also  the  time 
resolution  will  be  improved  by  using 
shorter,  stabler,  and  stronger  pulse  lasers. 

We  feel  that  the  basic  research  has  been 
finished.  At  the  next  stage,  we  need  to 

study  the  application  field,  e.g.  where 
triggering  of  the  laser  pulses  synchronized 
with  the  signal  to  be  measured  is  very 

important . 
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New  Scheme  of  Electro-Optic  Sampling  by 
Probe-Beam  Polarization  Modulation 
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ABSTRACT 

A  new  scheme  of  noise  suppression  In 
electrooptic  sampling  system  by  the  probe  beam 
polarization  modulation  Is  proposed.  Its  operation 
principle  Is  analyzed  and  the  performance  Is 
demonstrated  experimentally.  The  method  has  the 
advantages  that  narrow-  band  detection  can  be  used 
Instead  of  modulating  the  device  under  test  with 
doubled  sensitivity  compared  with  the  conventional 
methods. 

1.  INTRODUCTION 

Electrooptic  (EO)  sampling  Is  a  potentially 
powerful  technique  to  characterize  very-high  speed 
electrical  waveforms  In  the  time  domain  and  to 
examine  waveforms  Internal  to  Integrated  circuits, 
where  external  connections  cannot  be  made[l-6|. 
Using  mode- locked  dye  or  Nd:YAG  laser  systems, 
temporal  resolution  less  than  2ps.  shot-noise 
limited  voltage  sensitivity  In  the  microvolt// Hz 
range  have  been  reported(3,4|.  However  such  laser 
systems  are  large  and  complex  and  may  have 
limitations  for  practical  use. 

On  the  other  hand,  semiconductor  laser  system 
(5.6|  have  several  significant  advantages  such  as  1) 
compact  size.  2)  low  timing  Jltter(<2ps)  (7,8],  and  3) 
arbitrary  repetition  rate  for  gain-switched 
operation  (0.1-20GHz)  which  makes  It  possible  to 
synchronize  with  the  clock  frequency  of  the  device 
under  test(DUT).  Their  disadvantages  Include  the 
reduction  of  temporal  resolution  and  the  voltage 
sensitivity  because  of  their  broader  pulse  width 
and  lower  average  power,  although  the  former  may 
be  solved  by  the  recent  progress  made  In  pulse 
compression  techniques  (9-11).  Therefore  the  most 
lmporti-.it  point  for  Improvement  of  the  EO  sampling 
system  using  a  semiconductor  laser  Is  the 
sensitivity  problem. 

In  this  paper,  we  propose  a  novel  scheme  for 
noise  suppression  In  EO  sampling  by  probe  beam 
polarization  modulation. 


2.  BACKGROUND 

To  date,  the  method  most  frequently  employed 
for  the  purpose  of  noise  reduction  Is  one  where  the 
DUT  Is  electrically  modulated  at  a  modulation 
frequency,  fm,  which  Is  chosen  to  be  beyond  the  1/f 
noise  band  wldth|2)  as  shown  In  Fig. 1. so  called 
signal-amplitude  modulation  scheme.  This  method  Is  . 
however,  sometimes  Inapplicable  to  digital  Inte¬ 
grated  circuits  containing  devices  with  threshold, 
where  an  addition  of  modulation  voltage  causes  un¬ 
wanted  Instabilities. 

Under  these  circumstances  an  alternative  non- 
modulation  method  has  been  attempted,  choosing  the 
offset  frequency  /Jf  to  be  higher  than  the  1/f  noise 
band  width  (5)  as  shown  In  Fig. 2. .so  called  beat 
scheme.  With  this  choice  another  noise  penalty  must 
be  paid  because  of  the  wider  spread  of  the  signal 
harmonic  components  In  frequency  space,  resulting 
In  the  need  of  wider  band  pass  filter  for  1/f  noise 
elimination  and  shot  noise  reduction.  For  smoothing 
purposes,  averaging  procedures  had  to  be  iterated 
a  number  of  times,  hence  longer  measuring  time. 
Furthermore  the  band  pass  filter  for  the  1/f  noise 
elimination  causes  the  additional  Inconvenience  of 
having  to  elimlnae  a  DC  signal  component. 

These  problems  would  be  solved  If  a  proper 
modulation  scheme  Is  devised  applicable  to  the 
probe  beam  Itself  Instead  of  modulating  the  OUT.  We 
found  that  the  present  proposal  as  described  below 
actually  meets  this  requirement. 

3.  THEORY 

A  concept  for  a  phase  modulation  scheme  Is 
schematically  Indicated  In  Fig. 3.  where  we  assumed  a 
GaAs  Integrated  circuits  as  the  DUT  which  shows 
electrooptic  effect.  In  a  conventional  scheme  as 
shown  In  (a),  the  operating  point  Is  fixed  at  an 
optimal  value  given  by  a  compensator  which  Is 
usually  equal  to  be  n  /2  rad,  maxlmlglng  the  signal 
amplitude.  Therefore  the  probe  beam  power  through 
an  analyzer  changes  only  In  the  presence  of  a 
signal  field.  In  order  to  obtain  a  modulated  probe 
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Fig.  1  Signal  amplitude  modulation  scheme: 
(a)  timing  chart. (b)spectrua  output  signal 
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Fig. 2  Beat  scheme:  (a)tlalng  chart. (b)spect rum  of 
output  signal 


beam,  an  EO  modulator  Is  introduced  In  place  of  the 
compensator  as  shown  In  FIg.3.(b).  At  an  alternate 
operating  point  exchanged  by  the  EO  modulator,  the 
probe  beam  changes  Inversely  at  the  same  frequency 
as  the  EO  modulator,  resulting  In  doubled  sensi¬ 
tivity.  However,  the  phase  retardation  Induced  by 
the  signal  voltage  Is  so  much  smaller  than  that  by 
the  EO  modulator  as  to  be  apt  to  be  burled  In 
retardation  fluctuation  caused  by  both  an  Input 
voltage  and  temperature  In  the  EO  modulator. 
Therefore,  such  an  additional  noise  may  give  a 
limitation  to  practical  use,  although  this  scheme 
can  Improve  sensitivity  theoretically.  As  will  be 
shown  below,  we  have  found  a  novel  configuration 
(polarization  modulation  scheme),  which  Is  capable 
of  removing  such  noises,  while  retaining  the 
advantages  of  this  scheme. 

Let  us  fomulate  the  change  of  polarization 
ststes  under  the  following  geometrical  configura¬ 
tion  of  optical  components.  Figure  4. (a)  shows  the 
general  coaxial  arrangement  for  the  case  of  trans¬ 
mission  probing  configuration,  where  the  GaAs 
substrate  Is  assumed  to  act  as  the  electrooptic 
sampling  head.  We  also  assume  that  the  linearly 
polarized  input  probe  beam,  the  principal  dielec¬ 
tric  axis  of  the  EO  modulator  and  GaAs  sampling 
head  are  oriented  at  angles  n  / 4  ,  0  .  and  a  ,  res¬ 
pectively  to  X  axis  In  the  X-Y  plane.  After  pro¬ 
pagation  through  the  EO  modulator  and  the  GaAs 
sampling  head,  the  optical  field  of  probe  beam  Is 
then  written  as 


E0ut  =  A(o)B(r)A(-a)A(0)B(F)A(-0)E  i„  (1) 


A  10 


cos  0 
sine 


-sine  \ 
cose  / 


B(D=(eX0P(jr)  °) 


Fig. 3  Configuration  and  Input  vs  output 
characteristics  of  (a)  conventional  signal 
modulation  scheme  and  (b)  phase  modulation  scheme 


Picosecond  Electronics  and  Optoelectronics 


77 


where  P  (t)  and  r  (  r  )  are  the  retardations  due  to 
the  FO  modulator  and  the  signal  voltage  In  the 
sampling  head,  respectively.  Here  r  Is  the  relative 
delay  of  the  arrival  time  of  the  probe  pulse  with 
respect  to  the  signal  waveform.  Therefore  7  (  r  ) 
varies  slowly  with  the  offset  repetition  rate  .1  f 
(3).  Because  the  analyzer  Is  assumed  to  be  oriented 
at  0  to  the  X  axis,  the  AC  component  of  the  output 
probe  beam  power  can  be  approximated  by 

P„u,=  -y-  cos20  ( -sln2(  9-0  IcosP  (t) 

*7  (  r  )sln2(  a  -£)slnl  ( t)  ]  (2) 

Generally  the  retardation  Pit)  of  the  EO  modulator 
Is  expressed  as 

P(t)»  rm  sln2>r  fmt  *  N  ( t)  (3) 

where  P  m  and  fm  are  the  amplitude  and  the 
frequency  of  the  modulation  of  phase  retardation, 
respectively,  and  the  N(t)  represents  the  retarda¬ 
tion  pertubatlon  by  the  fluctuations  of  tempera¬ 
ture  and  Input  voltage  applied  to  the  EO  modulator. 
Photodiode  output,  which  Is  proportional  to  the 
optical  power.  eq.(2).  Is  fed  to  a  band  pass  filter 
centered  at  the  frequency  fm,  then  the  output 
photocurrent  becomes 


Fig  4  Coaxial  arrangement  for  (a)  definition  of 
angles,  (b)  signal  modulation  or  phase  modulaiion 
scheme  and  (c)  probe  beam  polarization  modulation 
scheme 


lou*  =  locos20  ( sin2(  a  -  0  )  7  (  r  ) 

*sln2(  0-/8)N(t))J  .(  T  m)sln2x  fmt  (4) 

where  1Q  Is  the  maximum  photocurrent  for  a  given 
beam  Intensity  P,„  and  J,  Is  the  first  order  Bessel 
function. 

From  eqs.(2)  and  (4),  we  can  get  the  output 
equations  of  three  cases  of  signal  amplitude  modu¬ 
lation  schemelFlg.  1).  phase  modulation  scheme(Flg.3) 
and  polarization  modulation  scheme.  In  the  conven¬ 
tional  signal  amplitude  modulation  scheme,  as  shown 
In  Fig. 4.  (b). we  have  only  to  set  7  =(  7 /2)sin2x  fmt.  r 
=  n  /2 ,8  =0,  a  =0  and  0  =- n  / 4  to  eq.(2).  Also  In  the 
phase  modulation  scheme,  we  obtain  the  equation  by 
making  8  =0,  a  -0  and  0—-n/ 4  In  eq.(4)(Flg.4.(b)). 
Specifically  when  such  an  operation  as  8=0,  a=a  /4 
and  0  —  8.  shown  In  Fig.4.(c).  Is  made,  we  get  the 
final  equation  of  polarization  modulation  scheme. 
In  summary  the  output  signals  for  the  three  cases 
are  represented  as  follows: 

/  (Io/4)7  (r  )  sln2a  fmt  (5.1) 

1. 10-  |  1d{  7  (  r  )«N  (t))  J  ,(rm)  sin2s  f„t  (5.2) 

1  lo<7  (r  )*2(8  -  0)N(t)})  ,(Tm)  sln2afmt  (5.3) 

here  eqs.(5. 1 ) , (5. 2)  and  (5.3)  Indicate  signal  ampli¬ 
tude  modulation  scheme,  phase  modulation  scheme 
and  polarization  modulation  scheme  respectively. 

In  the  polarization  modulation  scheme  It  Is 
clear  that  under  the  absence  of  the  signal,  the 
probe  beam  Is  not  modulated  at  all,  and  with  the 
signal  It  is  modulated  In  proportion  to  7  .If  0  Is 
set  equal  to  8  .  The  advantages  of  the  scheme  de¬ 
rived  from  this  equation  are  follows:  1)  since  the 
signal  frequency  components  are  shifted  by  fm.  the 
DC  component  can  be  detected  without  disturbance 
of  the  1/f  noise;  2)  the  offset  frequency  can  be  set 
to  be  arbitrarily  low  so  that  narrow-band  detection 
Is  applicable  In  order  to  reduce  the  shot-noise  ;  3) 
when  0  Is  equal  to  8  .  the  effect  of  the  noise  N(t) 
retardation  can  be  suppressed;  4)because  the  opti¬ 
cal  change  on  both  senses  (±1.84rad)  retardation 
adds  up  In  the  signal,  we  get  2.16  times  sensitivity 
compared  to  the  conventional  methods  (2. 16=4maxJ  ,  = 
4J.fl.84)). 

4.  EXPERIMENT 

The  experimental  set-up  Is  Indicated  sche¬ 
matically  In  Fig. 3.  Here  two  synthesized  signal  gen¬ 
erators  are  phase-locked  and  offset  In  frequency 
by  0.2Hz.  One  synthesizer  drives  a  DUT  which  Is  here 
a  comb  generator,  and  the  other  drives  a  V-groove 
InGaAsP  gain-switched  laser  diode  which  Is  biased 
well  below  threshold  and  pumped  with  a  strong 
current  pulse  (VP-P=12V,  pulse  width=130ps).  The 
laser  diode  radiates  probe  photons  at  a  wavelength 
1.3  u  m,  and  Its  pulse  width  is  less  than  20  ps.  The 
probe  beam  from  the  laser  diode  Is  modulated  In 
polarization,  as  explained  above,  at  16kHz  by  an  EO 
modulator  which  Is  made  from  KDP  crystal  with  650V 
half-wave  voltage.  By  adjusting  the  compensator 
plate,  the  DC  component  of  the  retardation  P  (t)  was 
eliminated.  The  probe  beam  Interacts  with  the  fri¬ 
nging  field  produced  by  the  signal  voltage  and  Is 
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reflected  at  the  back  surface  of  GaAs  substrate, 
then  Is  detected  by  a  slow  Ge  photodetector 
through  a  Glan-Tho«pson  polarizer,  yielding  the 
signal  waveform  proportional  to  Vou«  of  eq.(5).  This 
signal  Is  then  processed  by  a  lock-ln  amplifier  and 
an  electrical  spectrum  analyzer  with  the  resolution 
bandwidth  of  100Hz  with  no  use  of  accumulative 
signal  averaging  procedure. 

The  effect  of  the  noise  reduction  Is  demon¬ 
strated  as  depicted  In  Fig. 4. (a).  Here  the  output 
waveform  from  a  comb  generator(HP33002A)  Is  shown, 
operating  at  100  MHz  with  peak-peak  amplitude  of  10 
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Fig. 6  Comparison  of  the  measurement  results  of  a 
comb  generator  output  waveform  between 

(a)  polarization  modulation  scheme  and 

(b)  conventional  beat  scheme. 


V.  Under  the  modulation  frequency  fm  of  16  kHz  and 
the  detection  band  width  of  100  Hz,  both  the  1/f 
noise  and  the  shot-noise  were  sufficiently  sup¬ 
pressed.  Here  the  measured  waveform  was  repro¬ 
duced  with  all  the  harmonic  components  of  the  sig¬ 
nal.  In  comparison,  the  corresponding  result  based 
on  the  conventional  non-modulation  scheme(5]  Is 
shown  in  F!g.4.(b).  The  offset  frequency  z!f  of  300Hz 
was  chosen,  the  truncation  of  harmonic  component 
at  the  100  th  order  requires  a  filter  bandwlth  as 
large  as  30  kHz,  resulting  in  the  poor  noise 
elimination.  Measured  sensitivity  In  this  scheme  was 
20  mV/yCHz,  In  contrast  to  the  achievement  of  lmV//" 
Hz  using  the  novel  scheme  discussed  In  this  paper. 

5.  CONCLUSION 

In  summary,  a  new  scheme  of  noise  suppression  In 
electrooptic  sampling  system  by  the  polarization 
modulation  of  the  probe  beam  Is  proposed.  Its  ope¬ 
ration  principle  is  analyzed  and  the  performance  Is 
demonstrated  experimentally.  The  method  has  the 
advantage  of  no  need  for  electrically  modulating 
the  DUT.  The  probe  beam  Is  not  modulated  In  Inten¬ 
sity  as  far  as  the  signal  voltage  Is  absent,  mean¬ 
while  when  the  signal  voltage  Is  present,  the  beam 
Is  modulated  with  the  amplitude  In  proportion  to 
the  signal  voltage.  Therefore  It  becomes  possible 
to  suppress  the  laser  1/f  noise  and  detector  ori¬ 
ginated  shot-noise  by  making  the  detection  band¬ 
width  narrow.  Using  a  gain-switched  semiconductor 
laser  as  the  probe  beam  source  and  a  EO  modulator, 
sensitivity  of  1  mV/'/Hz  was  obtained. 
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Abstract 

A  technique  for  measuring  the  impulse  response  and 
risetime  of  fast  sampling  oscilloscopes  using  picosecond 
electro-optic  sampling  is  described.  The  results  are 
compared  with  those  obtained  using  a  kick-out  method 
and  with  measuring  the  spectral  response  in  the 
frequency  domain. 


Introduction 

Several  new  sampling  oscilloscopes  (CROs)  have  been 
introduced  in  recent  years,  the  fastest  claiming  step 
risetimes  of  about  5  ps.  Development  of  these  CROs  has 
been  driven  by  rapid  advances  in  areas  such  as  optical 
fibre  communications  where  they  are  often  the  limiting 
instrument  in  a  measurement  Since  these  instruments 
are  able  to  output  waveforms  to  computers,  knowledge 
of  the  impulse  response  can  be  used  to  increase  the 
temporal  resolution  and  accuracy  of  the  CRO 
measurement  The  purpose  of  this  paper  is  to  describe 
the  techniques  that  we  have  applied  to  derive  the 
impulse  response  of  fast  sampling  CROs. 

Various  methods  can  be  employed  in  measuring  the 
response  of  a  CRO  to  an  impulse  or  a  step  "'31. 
Electronic  pulse  generators  have  been  used  though  the 
use  of  such  step  generators  does  not  yield  the  risetime 
directly  unless  they  are  much  faster  than  the  CRO.  This 
is  difficult  to  achieve  as  the  response  time  is  governed 
largely  by  the  same  device  technology. 

Frequency  domain  measurements  can  give  the  power 
bandwidth  response  of  the  instrument  and  an  estimate 
of  the  risetime  can  then  be  made  from  a  model  of  the 
CRO  temporal  response. 

Measurement  of  the  kick-out  pulse  of  a  sampler  by  a 


second,  nominally  identical  sampler,  has  been 
demonstrated  as  a  method  of  estimating  the  temporal 
response  that  is  not  limited  by  other  measuring 
instruments. 

Optoelectronic  techniques  offer  considerable  promise 
in  measuring  CRO  response.  Fast  electrical  pulses  can 
be  generated  by  photodiodes  or  photoconductve  switches 
when  illuminated  by  picosecond  lasers.  These  pulses 
can  be  measured  by  photoconductive  or  electro-optic 
sampling  techniques  |4). 

We  have  used  a  modelocked  dye  laser  and  photodiode 
to  generate  very  short  electrical  pulses  and  have 
measured  the  pulse  waveform  using  electro-optic 
sampling  (EOS).  The  impulse  response  of  a  CRO  is 
derived  by  deconvolving  the  electro-optically  measured 
waveform  of  the  photodiode  pulse  from  the  waveform 
recorded  by  the  CRO. 

The  results  obtained  by  electro-optic  sampling  are 
presented  here  and  compared  with  measurements 
obtained  using  a  frequency  sweeper  and  by  analysing 
the  CRO  kick-out  pulse. 

Electro-optic  sampling 

A  train  of  short  optical  pulses  passes  through  a  crystal 
which  exhibits  the  Pockels’  effect.  Electrical  pulses, 
phase-locked  to  the  optical  pulses,  produce  a  transient 
electric  field  in  the  crystal,  rotating  the  polarisation  of 
each  pulse  in  the  same  way.  This  can  be  detected  using 
a  polarisation  analyzer,  giving  a  change  in  intensity  on 
a  photodiode.  By  varying  the  delay  between  the  optical 
and  electrical  pulses,  the  temporal  shape  of  the 
electrical  pulses  can  be  obtained  |S|. 

A  hybridly  modelocked  dye  laser  (Coherent  702-1), 
pumped  by  a  Nd-YLF  or  Argon  ion  laser,  produces 
pulses  of  1  ps  duration  at  590  nm.  The  beam  is  focused 
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into  a  silica  cone  which  has  a  lithium  tantalate  tip 
100  um  thick,  with  a  dielectric  coating  to  reflect  the 
beam.  The  polarisation  of  the  beam  is  rotated  when  the 
tip  of  the  cone  is  placed  in  an  electric  field.  The  system 
used  is  shown  in  Fig.l. 

Since  sampling  CROs  have  coaxial  input  connectors, 
it  is  necessary  to  measure  the  electrical  pulse  at  a 
reference  plane  in  a  coaxial  transmission  line. 
However,  the  electric  field  in  coaxial  geometry  is  not 
readily  accessible  to  the  sampler  cone  and  so  the  pulse 
was  launched  onto  a  planar  line.  Both  coplanar 
waveguide  and  microstrip  were  investigated  for  this 
purpose.  We  also  probed  a  coaxial  line  directly  through 
a  hole  in  the  outer  skin  of  a  K -connector. 

The  temporal  resolution  of  the  lithium  tantalate  cone 
is  easily  calculated  for  a  uniform  electric  field.  The 
main  contributions  are  from  the  1  ps  optical  pulse  and 
the  transit  time  of  the  optical  pulse  through  the  100  um 
Pockels’  crystal.  These  two  effects  combine  to  limit  the 
resolution  to  under  2  ps. 

The  resolution  of  the  measurement  of  the  pulse  at  the 
coaxial  reference  plane  is  less  than  this  and  is  limited 
by  the  transmission  line  between  this  plane  and  the 
sampling  plane.  The  effects  of  attenuation  and 
dispersion  by  the  line  and  changes  in  geometry  have 
been  measured  by  network  analysis. 

The  electrical  pulse  generator  (Fig.2)  consisted  of  a 
photodiode  illuminated  by  the  picosecond  dye  laser. 
The  diode  was  a  GaAs  Schottky  barrier  device  !S!  with 
10  um  square  active  area,  packaged  with  a  K- 
conncctor.  The  pulse  generator  included  a  Wiltron 
K-250  bias  tee  and  6  dB  Wiltron  Gold-line  attenuator. 
The  attenuator  was  required  to  improve  the  source 
match  to  50  ft  line.  The  measurement  reference  plane, 
at  which  the  pulse  shape  was  required,  was  the  output 
side  of  the  auenuator. 
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Figure  1.  Diagram  of.  the  laser  and  electro-optic  sampling 
system 
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Figure  2.  NPL  pulse  generator  showing  photodiode  and 
associated  circuitry. 

Data  acquistion  and  waveform  processing 

A  number  of  processing  steps  are  required  to  obtain  the 
impulse  respone  of  a  CRO  using  the  waveform  acquired 
by  our  electro-optic  sampler  (EOS).  These  are  outlined 
below. 

A  PC  was  used  to  control  the  system,  to  acquire  and 
process  data  from  the  CRO  (HP  54121A)  and  EOS. 
The  PC  controlled  the  delay  between  the  optical  pulses 
on  the  photodiode  pulse  source  and  those  probing  the 
birefringence  in  the  sampling  cone  and  read  a  DVM 
connected  to  the  phase  sensitive  detector.  The  resulting 
waveforms  were  averaged,  filtered  and  modified  as 
necessary. 

The  PC  was  also  used  to  acquire  the  waveform  from 
the  CRO,  controlling  a  shutter  in  the  optical  path  to 
allow  a  record  of  the  zero  level  to  be  subtracted.  The 
time-base  of  the  CRO  was  calibrated  using  a  10  GHz 
source. 

The  jitter  in  the  triggering  of  the  CRO  was  measured 
using  the  CRO’s  own  software.  The  jitter  was  assumed 
to  have  a  Gaussian  distribution  and  was  deconvolved 
from  the  results. 

Waveforms  of  the  photodiode  signal  recorded  on  the 
CRO  and  EOS  are  shown  in  Fig.3. 

The  impulse  response  of  the  CRO  was  obtained  by 
deconvolving  the  EOS  waveform  from  the  measured 
CRO  waveform,  after  correction  for  timebase  and  jitter. 
The  difficulties  encountered  in  the  deconvolution  have 
been  treated  in  detail  elsewhere  |71,  and  in  order  to 
obtain  a  stable  result,  frequency  domain  filtering  was 
used.  The  derived  impulse  is  shown  in  Fig.4.  The  CRO 
risetime,  the  single  parameter  most  widely  used  in 
defining  a  CRO’s  response  was  calculated  by  integrating 
the  impulse  response.  This  gave  a  risetime  of  16.0  +3.5 
ps,  with  the  uncertainty  quoted  for  the  95%  confidence 
level. 
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Figure  3.  Photodiode  waveforms  recorded  on  the  CRO 
(solid  line,  FWHM  =  16.3  ps),  and  the  EOS  (dashed  line, 
FWHM  =  8.9  ps). 


Q 


Figure  4.  Derived  impulse  response  of  CRO  showing 
FWHM  =  11.7  ps. 


De-embedding 

The  EOS  measurement  of  the  photodiode  was  made  on 
the  coplanar  line  whereas  the  electrical  pulse  should 
ideally  be  measured  at  the  plane  of  the  coaxial 
connector  of  the  attenuator  connected  to  the  bias-tee. 

Network  analysis  was  used  to  attempt  to  quantify  the 
distorting  effect  on  the  pulse  of  the  line  between  the 
coaxial  reference  plane  and  the  plane  of  the  electro-optic 
probe.  It  is  then,  in  principle,  possible  to  de-embed  the 
effect  of  the  transition  from  the  results.  A  two  port  K- 
connector  test  Fixture  was  constructed,  capable  of 
holding  lines  of  different  lengths.  A  "through-refiect- 
line"  calibration  kit  was  constructed  for  our  line  (gold 
on  fused  silica).  A  resistive  termination  was  included 
in  the  calibration  kit,  for  low  frequencies. 

An  Hewlett-Packard  8510  network  analyser  was  used 
to  find  the  S-parameters  beween  the  K -connector 
reference  plane  and  the  coplanar  line.  A  40  GHz  test  set 


was  used,  but  we  had  difficulty  in  obtaining  physically 
realisable  S  parameters  above  about  32  GHz.  Although 
the  results  obtained  were  not  sufficiently  accurate  to 
allow  de-embedding  of  the  waveform  data,  they 
indicated  the  need  for  such  an  analysis. 

Electro-optic  sampling  in  coaxial  line 

As  an  alternative  method  of  estimating  the  effect  of  the 
coaxial/coplanar  transition,  we  measured  pulses  on 
coaxial  line  through  a  hole  in  the  outer  conductor  of  a 
line  (Fig.5).  The  waveform  was  obtained  by  sampling 
through  a  1.6  mm  hole  drilled  in  the  outer  of  a  male- 
to-male  K-connector  adaptor.  Although  there  was  a 
significant  amount  of  ringing,  believed  to  be  due  to  the 
resonant  cavity  of  the  hole,  shorter  pulse  widths  were 
measured  than  on  the  line,  indicating  that  the  transition 
broadens  the  pulse  by  approximately  1.5  ps.  The  signal- 
to-noise  ratio  was  poor  when  sampling  in  coaxial 
geometry  with  lithium  tantalate.  This  is  because  the 
material  exibits  a  transverse  electro-optic  effect  and  the 
field  in  the  coaxial  cable  is  parallel  to  our  probe  beam. 

Sampling  CRO  kick-out  measurements 

A  novel  method  of  measuring  the  impulse  response  of 
sampling  CRO’s,  using  a  self-generated  pulse,  has  been 
proposed  w. 

Impulses  are  generally  present  at  the  input  connector 
of  sampling  CROs  as  a  result  of  the  sampling  process, 
even  when  no  input  signal  is  applied.  The  waveform 
produced  by  an  HP54121A  CRO,  set  to  its  restricted 
bandwidth  of  12.4  GHz  is  shown  in  (Fig.6).  There  are 
two  independent  contributions  to  these  impulses,  the 
sampling  aperture  current  and  the  feedthrough  of  the 
the  sampling  drive  current  The  sampling  aperture 
current  is  due  to  current  flowing  through  the  finite 
resistance  of  the  sampling  gate  during  the  very  short 
time  that  it  is  turned  on  in  the  sampling  process.  This 
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Figure  5.  Photodiode  pulse  measured  through  hole  in 
coaxial  line.  FWHM  =  7.4  ps. 
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Figure  6.  Kick-out  signal  measured  at  the  input  connector  of 
an  HP54121A  CRO  with  bandwidth  limit  set  to 
12.4  GHz. 


current  is  driven  by  a  potential  difference  between  the 
input  line  and  the  sampling  gate  hold  capacitor,  set  by 
the  sampling  gate  offset  voltage,  or  vertical  offset. 

The  sampling  aperture  current  varies  with  the  polarity 
and  size  of  the  sampling  gate  offset  voltage,  while  the 
sampling  gate  drive  current  is  independent  of  these.  It 
has  been  shown  that  the  contributions  of  the  drive  and 
the  aperture  current  can  be  separated  if  the  kickout 
pulses  are  recorded  by  an  identical  sampler  for  equal 
and  opposite  sampling  gate  offset  voltages. 

The  CRO  response  can  be  considered  as  being 
composed  of  the  combination  of  a  filter  response  for 
the  transmission  line  from  the  input  connector  to  the 
sampling  gate  and  the  response  of  the  sampling  gate 
itself.  The  kick-out  measurement  technique  assumes  that 
the  phase  response  of  the  sampling  gate  is  ideal  and  that 
the  gate  used  to  measure  the  kick-out  pulse  is  identical. 
The  temporal  response  of  the  CRO  is  then  obtained 
(Fig-7). 

We  have  compared  the  frequency  response  of  the 
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Figure  7.  Impulse  response  of  HP  54 121 A  CRO  (set  at 
12.4  GHz)  derived  from  kick-out  method.  FWHM  =  14.9  ps. 


CRO,  set  to  12.4  GHz,  derived  by  the  kick-out  method 
with  that  obtained  by  calculating  the  FFT  of  the  EOS 
derived  result  (Fig.8). 

The  kick-out  pulses  of  two  other  CRDs,  the  Tektronix 
S4  sampling  head  and  the  Tektronix  SD26,were  also 
investigated.  We  found  that,  in  these  CROs, 
the  kickout  pulse  did  not  vary  detectably  with  vertical 
offset  polarity  Pl.  The  sampling  aperture  function  could 
not,  therefore,  be  derived  from  it  It  is  important  to 
note  that,  as  the  kick-out  technique  is  not  universally 
applicable,  it  cannot  replace  other  measurement 
methods. 

Frequency  domain  measurements 

The  risetime  of  fast  sampling  CROs  is  often  estimated 
by  measuring  the  magnitude  of  the  frequency  response. 
The  phase  response  is  required  in  order  to  calculate  the 
temporal  response.  This  is  generally  obtained  from  a 
model.  In  practice,  the  approximation  of  a  single  RC 
time  constant  is  usually  made. 

We  have  made  frequency  response  measurements 
using  a  Hewlett  Packard  83597A  sweeper  (10  MHz-40 
GHz)  set  to  discrete  freqencies.  The  sweeper  power  was 
levelled  using  a  Hewlett  Packard  8487  power  sensor. 
The  CRO  was  operated  both  triggered  from  the 
fundamental  range  of  the  oscillator  and  free  running, 
using  a  statistical  technique  to  determine  the  peak-to- 
peak  value.  Good  agreement  between  the  two  methods 
was  obtained. 

The  HP54121A  CRO,  set  to  its  full  20  GHz 
bandwidth,  was  measured  by  the  frequency  domain 
method  and  compared  to  the  FFT  of  the  impulse 
response  obtained  by  the  electro-optic  sampling  method 
(Fig-9). 

In  order  to  determine  whether  the  structure  present  in 
the  CRO  frequency  domain  measurements  was  caused 


Figure  8.  Frequency  response  of  HP  54121A  CRO  (set  at 
12.4  GHz)  measured  using  kick-out  (solid  line)  and  EOS 
(dashed  line)  methods. 
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by  the  photodiode  or  CRO,  measurements  of  the 
photodiode  were  made  using  a  spectrum  analyzer 
(Hewlett  Packard  7000  series).The  response  of  the 
spectrum  analyser  was  corrected  using  the  sweeper, 
(levelled  by  the  power  sensor)  at  the  same  power  level, 
the  individual  harmonics  in  the  comb  making  up  the 
photodiode  pulse.  This  removes  errors  introduced  by 
the  IJP.  gain  accuracy  and  Log  amplifier  fidelity. 


a. 

Figure  9.  Frequency  response  of  HP  54121A  CRO 
(nominal  bandwidth)  measured  using  EOS  (solid)  and 
swept  frequency  (dashed)  methods. 


Figure  10.  Photodiode  measured  using  spectrum  analyser 
(dashed)  and  EOS  (solid).  The  FFT  of  the  CRO  is  shown  for 
comparison. 


The  spectrum  analyser  measurement  of  the  pulse 
frequency  spectrum  to  26.5  GHz  can  be  compared  with 
the  FFT  of  our  electro-optic  sampler  waveform  (Fig.  10). 
The  record  of  the  pulse  obtained  by  the  HP  54 121 A  is 
also  shown  after  the  FFT.  We  expect  to  see  the  CRO 
response  falling  off  more  rapidly  because  of  the  hunted 
bandwidth.  Any  difference  in  structure  is  indicative  of 
imperfections  in  the  techniques. 

Conclusion 

We  have  investigated  three  methods  for  measuring  the 
temporal  response  or  bandwidth  of  fast  sampling  CROs. 
The  results  show  very  good  agreement  although  some 
waveform  features  require  further  investigation. 

The  time  domain  approach  using  a  photodiode  pulse 
generator  and  electro-optic  sampler  show  that  the 
risetime  of  a  20  GHz  CRO  (nominally  17.5  ps  risetime) 
can  be  measured  with  an  uncertainty  of  +  3.5  ps. 
Improvements  in  the  uncertainties  and  extension  to 
measuring  faster  CROs  require  the  development  of 
improved  pulse  generators  and  the  use  of  de-embedding 
techniques. 
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Abstract 


Photoconductive  and  electro-optic  sampling  of  the 
photocurrent  of  GaAs  metal-semiconductor-metal-photo¬ 
diodes  reveal  the  influence  of  field  screening  and  optical 
phonon  scattering  on  the  frequency  bandwidth  of  these 
detectors.  The  experimental  results  agree  with  theoretical 
predictions  of  a  self-consistent  two-dimensional  Monte 
Carlo  calculation. 


Introduction 

Interdigitated  Metal-Semiconductor-Metal  (MSM) 
Schottky  diodes  fabricated  on  GaAs  and  other  III-V 
compounds  are  sensitive  high  speed  photodetectors  for 
multigigabit  optical  data  processing  systems.  The  com¬ 
patibility  of  the  fabrication  process  with  the  process 
technology  of  planar  high  speed  electronic  devices  like 
FETs  makes  them  extremely  attractive  for  ultrafast  inte¬ 
grated  optoelectronic  circuits.  Narrow  Schottky  contact 
spacing  permitting  rapid  carrier  extraction  after  photo¬ 
excitation  and  a  small  active  area  in  order  to  minimize  the 
parasitic  capacitance  are  the  key  design  features  of  these 
diodes.  First  attempts  to  model  the  intrinsic  transport  of 
photoexcited  carriers  in  MSM-diodes  by  a  one-dimen¬ 
sional  Monte  Carlo  simulation  predict  temporal 
separation  of  the  electron  and  hole  current  [1,2]  and 
durations  of  the  electron  and  hole  pulse  of  a  few  pico¬ 
seconds  and  several  ten  picoseconds,  respectively.  Al¬ 
though  frequency  bandwidths  in  excess  of  several  ten 
GHz  for  such  detectors  have  been  reported  by  several 
groups  [3-5]  a  direct  comparison  of  theoretical  and 
experimental  results  and  a  definite  identification  of  the 
performance-limiting  factors  is  still  missing,  so  far. 

Here  we  present  the  first  comprehensive  experimental 
and  theoretical  analysis  of  the  charge  carrier  transport  in 
MSM-diodes.  The  diode  output  was  directly  analyzed  in 


the  time  domain  by  photoconductive  and  electro-optic 
sampling  with  70  fs  optical  pulses  for  different  diode 
geometries  and  in  dependence  on  the  excitation  density 
and  sample  temperature.  We  measured  signal  rise  times 
as  fast  as  1.7  ps  and  a  decay  with  two  different  time 
constants  of  4.5-10  ps  and  10-50  ps,  which  can  be 
attributed  to  the  electron  and  hole  current,  respectively. 
Theoretical  results  obtained  by  a  self-consistent  two- 
dimensional  Monte  Carlo  (MC)  calculation  yield  a  quan¬ 
titative  description  of  the  measured  diode  response. 

Our  experiments  and  the  MC  simulations  reveal  the 
importance  of  low  excitation  densities  in  order  to  avoid 
field  screening  by  space  charge  effects.  The  full-width  at 
half-maximum  (FWHM)  of  the  diode  pulses  decreases 
continuously  by  almost  a  factor  of  two  if  the  sample  tem¬ 
perature  is  decreased  from  300  K  to  about  80  K.  This 
result  confirms  that  the  response  speed  is  actually  limited 
by  phonon  scattering  rather  than  by  the  device  capaci¬ 
tance. 

Monte  Carlo  Simulation  of  the  Transport 

The  response  of  the  MSM-diode  to  a  70  fs  laser  pulse  is 
calculated  by  two-dimensional  Monte  Carlo  simula-tions 
of  the  carrier  transport  [6,7].  This  method  represents  a 
self-consistent  solution  of  Boltzmann's  transport  and 
Poissons's  field  equations,  both  in  space  and  in  time. 
The  latter  was  iteratively  solved  every  40  fs  over  a 
rectangular  uniform  mesh  of  lOnm.  An  unintentional 
background  doping  density  of  5x10' 3  cm'3  (n-type)  was 
assumed.  The  scattering  mechanisms  taken  into  account 
to  solve  Boltzmann's  equation  are  optical  and  acoustical 
phonon,  intervalley,  and  impurity  scattering.  The  model 

includes  the  T,  X,  and  L  minima  of  the  conduction  band 
and  the  heavy-hole,  light-hole  and  split-off  valence  band. 
Carrier-carrier  scattering  and  external  parasitic  effects 
(capacitance)  have  not  been  included  in  this  simulation. 
During  illumination  lasting  70fs  and  terminating  at 
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t  =  0  ps  electron-hole  pairs  were  generated  with  a  depth 
distribution 


n(y)  =  N0  exp(-  ay)  (1) 

where  No  represents  the  density  at  the  surface  and  a  = 
4.279  x  KHcnr1.  The  subsequent  motion  of  these 
photogenerated  electrons  and  holes  to  the  anode  and 
cathode,  respectively,  under  the  influence  of  the  electric 
field  and  the  stochastic  scattering  events  is  then  calcu¬ 
lated  for  successive  40  fs  time  intervalls.  The  repetitive 
solution  of  Poisson's  equation  after  every  40  fs  effects 
that  our  analysis  takes  into  account  screening  of  the 
electric  field  caused  by  spatial  separation  of  the  photo- 
excited  electrons  and  holes.  The  simulation  results 
demonstrate  the  important  impact  of  this  screening  on  the 
carrier  collection  rate  at  high  intensities  or  low  bias.The 
output  current  is  finally  obtained  by  counting  the  net 
number  of  particles  absorbed  by  the  electrodes  during 
each  40  fs  time  interval. 

Owing  to  limitations  in  computer  power  and  capacity, 
the  simulation  of  the  transport  has  to  be  confined  to 
10,000  individual  particle  pairs.  Each  simulated  particle 
("superparticle'')  is  an  artificial  object.  When  solving 
Boltzmann's  equation  it  is  regarded  as  a  single  charge 
carrier.  For  the  recalculation  of  the  electric  field  by 
means  of  Poisson's  equation  and  for  estimation  of  the 
current,  one  superparticle  is  considered  to  consist  of 
many  real  charged  particles  and  the  number  depends  on 
the  light  pulse  intensity. 

The  upper  part  of  Fig.  1  depicts  the  temporal  evolution 
of  the  electron  (o)  current,  the  hole  (x)  current  and  the 
total  (•)  current  predicted  by  this  model  for  an  MSM 
diode  with  a  finger  separation  of  1.5  pm  and  a  bias  volt¬ 
age  of  2V  at  a  relatively  modest  excitation  level  of 
5. 1  x  1015  cm  3.  The  time  dependence  of  the  total  current 
(•)  exhibits  a  first  rapid  decay  ( 1/e-time  8  ps)  which  can 
be  attributed  to  the  electron  sweep-out  and  a  second  slow 
decay  (1/e-time  30  ps)  which  results  from  the  hole 
sweep-out.  The  signal  rise  time  and  the  full-width  at 
half-  maximum  amount  to  4  ps  and  1 1  ps,  respectively. 
The  curves  in  the  lower  part  of  Fig.  1  calculated  for  a 
carrier  density  of  5.1xl016  cm  3  reveal  considerable 
changes  of  the  carrier  transport  at  higher  intensity  levels. 
The  model  predicts  an  initially  faster  decay  of  the 
photocurrent  compared  to  the  situation  at  lower  excitation 
and  a  sub-stantial  slowing  down  of  the  transport  after 
about  25  ps.  At  these  later  times  the  electron  and  hole 
population  decays  coincide.  This  behavior  is  explained 
by  the  for  mation  of  a  field-free  region  near  the  anode 
originating  from  the  initial  spatial  separation  of  electrons 
and  holes  which  tends  to  screen  the  electric  field  between 
the  anode  and  cathode.  This  field  screening  becomes 
important  when  either  the  electric  field  is  small  (small 
bias  or  large  finger  separation)  or  the  excitation  density  is 
high. 

At  a  further  10-fold  increase  of  the  excitation  density 
(i.e.  at  100  times  the  intensity  applied  in  the  upper  part  of 
Fig.  1 )  the  transport  properties  are  totally  governed  by 
screening  effects  which  lead  to  an  almost  complete  com¬ 


pensation  of  the  field  across  the  entire  space  between 
anode  and  cathode  after  2  ps.  In  this  situation  the  col¬ 
lection  rates  of  electrons  and  holes  are  almost  the  same. 
The  output  current  decays  to  30%  of  its  peak  value  after 
12  ps  and  then  forms  a  long  tail  which  extends  over  a 
few  100  ps. 

Field  screening  becomes  an  even  more  severe  problem 
in  the  case  of  low  external  bias.  For  a  bias  of  only  0.5  V 
the  weak  internal  field  gets  immediately  screened  even  by 
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Fig.  1:  Theoretical  evolution  of  the  electron  (o),  hole 
(x),  and  total  current  (•)  in  the  MSM  photodiode  (finger 
separation  1.5  pm,  bias  voltage  2V)  for  two  different 
excitation  densities  of  No  =  5. 1  x  1015  cm"3  (upper  part) 
and  No  =  5.lxl016  cm  3  (lower  part)  as  predicted  by  the 
Monte  Carlo  calculation. 
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the  relatively  low  carrier  density  of  5.1xl015  cnv3.  The 
current  curve  exhibits  only  a  small  peak  sitting  on  top  of 
a  long  pulse.  Again  no  difference  for  the  collection  rates 
of  electrons  and  holes  is  observed.  In  this  case  and  in 
that  of  the  very  high  excitation  the  screened  plasma 
diffuses  into  the  region  under  the  anode  so  that  a  small 
amount  of  holes  can  escape  through  the  anode  via 
scattering. 

The  current  pulse  narrows  noticeably  if  the  finger  sepa¬ 
ration  is  reduced  to  0.5  pm.  For  an  excitation  density  of 
N  =  5. 1  x  1015  e-h  pairs/cm3  and  a  bias  of  only  0.5  V,  the 
electron  and  hole  parts  of  the  current  are  temporally  sepa¬ 
rated  because  of  the  higher  field  strength  in  the  device. 
The  pulse  exhibits  a  rise  time  of  1.8  ps.  a  fast  and  slow 
decay  time  of  4.5  ps  and  20  ps.  respectively,  and  a 
FWHM  of  6.3  ps.  Thus,  the  computed  speed  of  the 
detector  is  significantly  higher  than  that  of  the  1.5  pm 
detector  in  spite  of  the  25%  smaller  average  electric  field 
between  the  anode  and  the  cathode.  The  faster  carrier 
collection  is  explained  by  the  shorter  transit  times.  The 
response,  in  particular  the  hole  sweep-out  becomes  still 
faster  if  the  bias  is  increased  to  2V. 

If  the  excitation  density  is  increased  to  5.1xl016  e-h 
pairs/cm3  at  the  surface,  the  field  screening  reappears 
also  in  the  0.5  pm  diodes  (bias  2V).  Both  the  electron 
and  hole  current  are  slowed  down  but  the  reduction  of 
the  response  speed  is  much  less  than  in  the  1.5  pm  struc¬ 
tures  owing  to  the  higher  field  in  the  device. 

After  another  increase  of  the  intensity  by  a  factor  of  10 
(the  excitation  density  now  becomes  5.1xl017  e-h 
pairs/cm3)  the  screening  is  complete  in  the  narrow 
structure,  too.  The  electron  and  the  hole  current  coincide. 
The  decay  of  the  current,  however,  is  faster  owing  to  the 
shorter  transit  time  of  the  0.5  pm  diodes. 


F.xperimental  Results 

The  diodes  have  been  fabricated  by  means  of  electron 
beam  lithography  on  bulk  LEC-GaAs  using  Ti/Pt/Au  as 
the  Schottky  contacts.  The  diodes  under  investigation 
had  an  active  area  of  10x10pm2,  and  typically  0.5/lpm 
wide  fingers  with  0.5/1. 0  pm  distance  between  them. 
The  diode  sensitivity  is  0.2  A/W  at  3V  and  825  nm 
wavelength  with  40%  of  the  area  covered  by  the  metal 
fingers. 

For  photoconductive  sampling  of  the  diode  response, 
the  photodiode  was  integrated  with  a  photoconductive 
switch  on  the  same  GaAs  chip  which  was  locally  ion 
damaged  (see  inset  of  Fig.  2)  with  a  total  dose  of 
4.1  lxlO14  H+  cm2.  The  GaAs  carrier  lifetime  was  thus 
reduced  to  0.8ps.  The  transmission  line  consists  of  two 
5  pm  wide  strips  with  10  pm  spacing.  The  5  pm  wide 
sampling  strip  is  located  at  2.5  mm  distance  from  the 
diode. 

Besides  photoconductive  sampling,  we  applied  also 
electro-optic  sampling  with  a  small  LiTaO.3  tip  (8)  pres¬ 
sed  against  the  transmission  line  at  a  distance  of  100  pm 
from  the  diode.  Excitation  of  the  diode  and  photocurrent 
sampling  were  performed  using  the  70  fs  optical  pulses 


derived  from  a  dispersion-compensated  colliding-pulse- 
mode-locked  dye  laser  (wavelength  620  nm,  repetition 
rate  1 16  MHz).  The  time  resolution  was  determined  to  be 
0.8  ps  and  0.3  ps  for  photoconductive  and  electro-optic 
sampling,  respectively. 

The  curves  in  Fig.  2  show  the  photocurrent  signal  ver¬ 
sus  time  delay  between  exciting  and  sampling  pulses  as  a 
result  of  photoconductive  (lower  curve)  and  electro-optic 
(upper  curve)  sampling  for  an  MSM-diode  with  0.5  pm 
finger  separation  (bias  voltage  2V).  In  the  case  of  photo¬ 
conductive  sampling  the  slow  rise  of  the  photocurrent  is 
caused  by  a  tail  in  the  photoconductivity  of  the  damaged 
GaAs.  If  we  neglect  this  part  of  the  photocurrent  curve 
the  rise  time  amounts  to  2.4  ps.  which  is  longer  than  the 
1.7  ps  rise  time  measured  in  the  case  of  electro-optic 
sampling  (Fig.  2,  upper  curve).  The  deviation  is  attrib¬ 
uted  to  pulse  dispersion  on  the  2.5  mm  propagation 
distance  in  the  case  of  photoconductive  sampling  and  to 
the  better  time  resolution  obtainable  with  electro-optic 
sampling  (0.3  ps). 
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Fig.2:  Photocurrent  vs.  time  delay  for  a  GaAs-MSM- 
diode  obtained  by  photoconductive  (lower  curve)  and 
electro-optic  (upper  curve)  sampling  (bias  voltage  2V. 
finger  distance  0.5  pm).  The  inset  shows  a  top  view  of 
the  integrated  GaAs  chip. 


Figure  3  depicts  the  response  of  a  0.5  nm  diode  (bias 
2V)  to  a  time-averaged  incident  light  power  of  12  pW 
and  200  pW  corresponding  to  electron-hole  pair  densities 
of  1.3xl016  and  2.2xl017  per  cm3  at  the  surface,  respec¬ 
tively.  The  photoconductive] y  sampled  signal  has  a  rise 
time  of  2.4  ps.  independent  of  the  excitation  level  and  a 
FWHM  which  grows  continuously  from  8.6  ps  ( for 
No  =  1.3xl0l6/cm3)  to  12.3  ps  (for  No  =  2.2x1 0l7/cm3) 
with  increasing  intensity.  The  fast  initial  decay  times  are 
5.3  and  10.7  ps  for  the  two  intensities.  Thus,  the 
relevant  time  constants  grow  with  light  intensity  in  the 
studied  interval  whereas  the  Monte  Carlo  simulation 
predicts  a  decrease  of  the  electron  pulse  duration  when 
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Fig.  3:  Photocurrent  response  of  a  0.5  pm  diode  (bias 
2V)  measured  by  photoconductive  sampling  for  two 
different  excitation  densities. 


Time  (ps) 

Fig.  4:  Variation  of  the  photocurrent  pulse  shape  with 
finger  separation  for  two  diodes  with  the  same  ratio  of 
bias  voltage  and  finger  distance. 


ity  of  the  two  structures  to  screening.  This  presumption 
is  supported  by  results  measured  at  ten  times  lower  in¬ 
tensity  (9  pW  average  power  focused  to  the  detector  sur¬ 
face).  Under  the  latter  conditions  the  FWHM  of  the  main 
current  peak  amounts  to  7.8  and  10.5  ps  for  the  0.5  pm 
and  the  1  pm  structures,  respectively.  The  residual  lack 
of  response  speed  of  the  0.5  pm  structure  is  most  likely 
due  to  the  much  steeper  decrease  of  the  electric  field  with 
growing  distance  from  the  surface  compared  to  the  1  jjm 
diode.  Thus,  a  larger  fraction  of  the  electrons  is  gener¬ 
ated  in  low  field  regions.  If  the  field  strength  in  these 
regions  falls  below  that  required  for  transport  at  the 
saturation  velocity  the  collection  of  the  electrons  takes 
much  longer.  This  problem  becomes  even  more  severe  if 
one  takes  into  account  the  easily  attainable  screening  of 
low  fields. 
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Fig.  5:  Theoretical  evolution  of  the  total  current  (solid 
line)  in  the  MSM  photodiode  (finger  separation  0.5  pm, 
bias  2V)  and  experimental  photocurrent  curve  (•) 
measured  by  electro-optic  sampling. 


the  carrier  density  at  the  surface  is  increased  from 
5.1xl015  to  5.1xl016  e-h  pairs/cm3.  As  we  have  ex¬ 
plained  above,  such  shortening  of  the  first  peak  may  be 
caused  by  field  screening  at  the  higher  density. 
Obviously  this  effect  is  not  observable  in  the 
experiments.  The  origin  of  the  discrepancy  is  not  fully 
understood  at  present.  It  may  be  probably  due  to 
increased  carrier/carrier  scattering  at  higher  densities. 
The  latter  process  is  not  considered  in  the  MC- 
simulations. 

The  change  of  the  shape  of  the  collection  current  with 
an  increase  of  the  electrode  separation  d  from  0.5-1  pm 
at  "fixed"  average  electric  field  (fixed  ratio  of  finger  dis¬ 
tance  d  and  bias)  and  constant  intensity  (90  pW  of 
average  power)  is  displayed  in  Fig.  4.  The  increase  of  d 
by  a  factor  of  2  leads  to  a  broadening  of  the  FWHM  of 
the  pulse  from  9.8-1 1.2  ps,  considerably  less  than  the 
factor  of  2  expected  from  the  geometrical  lengthening  of 
the  path.  This  may  be  partly  due  to  the  different  sensitiv- 


In  Fig.  5  we  depict  a  comparison  of  experimental  data 
with  theoretical  predictions.  The  time  dependence  of  the 
calculated  photocurrent  (solid  line)  is  shown  together 
with  the  experimental  photocurrent  curve  measured  by 
electro-optic  sampling  on  an  integrated  GaAs  sample 
(diode  finger  separation  0.5  pm.  bias  2V). 

Excellent  agreement  between  experiment  and  theory 
can  be  observed  except  for  a  long  tail  in  the  measured 
photocurrent  which  is  not  predicted  by  the  theory  and  the 
origin  of  which  is  not  yet  understood.  The  measured  rise 
time  of  the  photocurrent  amounts  to  1 .7ps  ( 1 0-90% ),  the 
first  rapid  decay  to  4.5  ps  and  the  second  slow  decay  to 
10  ps. 

By  changing  the  bias  voltage  or  the  carrier  density,  we 
investigated  the  influence  of  field  screening  on  the  photo¬ 
current  curves  of  diodes  with  0.5  pm  and  1.2  pm  finger 
spacing.  Dependent  on  the  experimental  conditions  the 
photocurrent  curves  yielded  first  and  second  decay  times 
in  the  order  of  4.5-10  ps  and  10-50  ps.  respectively,  and 
FWHM  values  of  6-14  ps. 
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Finally,  we  studied  the  variation  of  the  photocurrent 
response  as  a  function  of  temperature.  For  these  experi¬ 
ments  the  diode  (finger  spacing:  0.75  pm,  bias  4V,  No  = 
3.5xl0l6Cm'3)  was  mounted  in  a  He-cryostat  and  the 
photocurrent  pulse  shape  was  analyzed  by  photoconduc- 
tive  sampling. 

Figure  6  shows  the  measured  signal  at  300  K,  100  K 
and  10  K.  Screening  of  the  electric  field  by  the  electron- 
hole  plasma  is  expected  to  play  a  minor  role  at  the  chosen 
carrier  density.  The  signal  rise  time  (2-3ps)  is  almost 
con  stant  for  all  measurements  and  corresponds  to  the 
time  resolution  limit  of  the  photoconductive  sampling. 
The  FWHM  decreases  continuously  from  10.8  ps  at  300 
K  to  5.6  ps  at  100  K.  Between  100  K  and  50  K  the 
diode's  signal  shape  remains  almost  unchanged.  Further 
cooling  increases  the  FWHM  again  from  5.6  ps  at  50  K 
to  1 1.1  ps  at  10  K. 


time  resolution  is  not  influenced  by  the  diode's  intrinsic 
capacitance  C,  which  was  estimated  to  be  6fF  [11], 
corresponding  to  an  RC  time  constant  of  600  fs  (trans¬ 
mission  line  impedance  R  -100  fl),  about  a  factor  of  3 
below  the  shortest  rise  times.  Consequently,  the  photo¬ 
current  rise  and  fall  times  are  determined  by  carrier 
transit  time  effects. 

Fourier  transformation  of  the  experimental  photo- 
current  curves  in  Figs.  5  and  6  (100  K  curve)  yields  a 
frequency  bandwidth  of  50  GHz  (3dB  point)  and  75 
GHz,  respectively,  if  the  long  tail  is  neglected.  These 
values  are  distinctly  lower  than  the  value  of  105  GHz 
reported  by  van  Zeghbroeck  et  al.  [3],  The  origin  of  this 
discrepancy  is  not  clear.  The  Monte  Carlo  calculation 
predicts,  however,  a  non- negligible  influence  of  field 
screening  on  the  response  current  for  the  values  of  the 
intensity  and  bias  voltage  given  in  Ref.  [3], 


Conclusion 


Hr.  6:  Normalized  photocurrent  vs.  time  delay  for  a 
GaAs  MSM  diode  (finger  distance  0.75  |im)  at  a 
temperature  of  300  K,  100  K  and  10  K.  Excitation 
density  3.5xl016  e-h  pairs/cm3. 


In  summary,  we  have  studied  the  carrier  transport  in 
GaAs  MSM-photodiodes  after  excitation  with  an  ultra- 
short  light  pulse.  We  have  demonstrated  that  the  electron 
and  hole  contributions  to  the  photocurrent  are  nearly 
separated  in  time.  The  response  speed  at  low  excitation 
densities  is  limited  by  optical  phonon  scattering.  Field 
screening  effects  become  important  at  higher  intensities 
or  low  bias  voltages. 

In  order  to  prevent  space  charge  induced  deterioration 
of  the  response  the  detector  should  be  operated  at  high 
bias  levels  (>2V)  and  the  optical  pulse  energy  has  to  be 
limited  to  100  fJ.  Fortunately,  these  requirements  which 
have  been  ignored  in  previous  theoretical  and  experimen¬ 
tal  work  concerning  the  characterization  of  MSM  diodes 
will  be  surely  achieved  in  future  high  bit  rate  optical 
communication  systems.  Ensemble  Monte  Carlo  calcula¬ 
tions  support  our  experimental  data. 
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Abstract 

A  5  Jim  x  5  pm  double  heterostructure  InGaAs/lnP 
pin  photodiode  is  reported  with  a  measured 
response  of  5  ps  and  a  deconvolved  device 
impulse  response  of  3.8  ps.  The  double 
heterostructure  employed  reduces  carrier 
diffusion  and  the  graded  heterobarriers  play  a  key 
role  in  optimizing  the  device  response  speed  by 
minimizing  charge  storage  and  device  series 
resistance. 


High  speed  photodiodes  play  a  crucial  role  in  many 
applications  including  optical  communication 
systems  and  high  speed  optical  measurement 
techniques.  To  date,  the  fastest  impulse 
response  for  any  photodiode  was  reported  by 
Wang  et  al.,  (1),  who  observed  an  8.5  ps  FWHM 
response  from  a  GaAs  Schottky  photodiode.  In 
the  InGaAs/lnP  material  system  the  shortest 
measured  response  was  demonstrated  by  this 
group,  (2),  in  an  InGaAs/lnP  single  heterostructure 
pin  photodiode.  This  paper  describes  an 
improved  device  deisgn  in  which  an  InGaAs/lnP 


graded  double  heterostructure  design  is  used 
leading  to  observation  of  state-of-the-art 
photodiode  impulse  responses. 

In  order  to  attain  high  speed  operation  from  pin 
photodiodes,  several  issues  must  be  addressed. 
The  absorbing  layer  thickness  of  the  device  is 
designed  to  achieve  the  optimum  impulse 
response  by  trading  off  transit  time  with  device 
parasitic  considerations.  Essentially,  the  device 
capacitance  must  be  minimized,  therefore  the 
device  area  must  be  scaled  to  small  dimensions. 
However  as  the  device  area  is  scaled,  the  optimum 
absorbing  layer  thickness  to  achieve  high  speed 
operation  reduces,  therefore  imposing  detrimental 
consequences  on  the  device  quantum  efficiency. 
Figure  1  demonstrates  the  combination  of  these 
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Absorbing  layer  thickness  (mid) 


Figure  1  Pin  photodiode  design  curves 
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effects  and  clearly,  compromises  must  be  made, 
these  being  primarily  dependent  upon  the  sysvem 
application.  Similarly,  the  device  series  resistance 
must  also  be  minimized  and  so  highly  doped 
contact  layers  are  necessary. 

To  minimize  the  photogenerated  carrier  transit 
time  across  the  device  absorbing  region,  the 
material  structure  is  designed  to  ensure  the  nature 
of  carrier  transport  is  drift  at  the  respective 
saturated  carrier  drift  velocity  and  that  the 
inherently  slower  diffusion  transport  mechanism  is 
avoided.  It  is  at  this  point  that  the 
conventionalsingle  heterostructure  high  speed 
pin  photodiode  design  falls  short.  In  these 
devices,  the  absorbing  layer  is  typically  thin  to 
optimize  high  speed  performance,  and  some 
carriers  are  optically  generated  within  the  highly 
doped  InGaAs  contact  region  in  a  diffusion  length 
of  the  homojunction  interiace.  These  carriers  then 
diffuse  in  a  finite  time  into  the  vicinity  of  the  electric 
field  where  they  are  swept  across  the  absorbing 
region,  thus  slowing  the  device  response  speed. 
However  in  eliminating  this  effect  by  incorporating 
a  double  heterostructure  design,  careful  attention 
must  be  paid  to  the  resulting  InGaAs/lnP 
heterobarriers.  Carriers  may  become  trapped  in 
the  InGaAs  absorbing  region  at  the  heterobarrier 
interfaces  where  they  must  tunnel  or  be 
thermionically  emitted  to  escape,  as  shown  in  the 
band  diagram  of  Figure  2  .  This  is  particularly  a 
problem  for  holes  in  this  material  system  since  the 
valence  band  discontinuity  is  large  and  the  hole 
effective  mass  is  large.  To  address  this  problem, 
the  devices  reported  here  have  a  graded 
heterointerface. 


Figure  2.  Band  diagram  demonstrating 
carrier  storage  in  the  ungraded  double 
heterostructure  pin  diode 


Material  and  Device  Structure 

The  material  structure,  shown  in  Figure  3,  was 
grown  by  Gas  Source  Molecular  Beam  Epitaxy  on  a 
(100)  InP  substrate  at  a  growth  temperature  of 
500  ’C. 


Figure  3.  Material  structure  grown  by 
GSMBE 
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The  P2  and  As2  beams  were  produced  by 
thermal  decomposition  of  arsine  and  phosphine 
gases  and  the  dopants  employed  were  Be  and  Si. 
The  epitaxial  layers  are  composed  of  a  5  nm 
InGaAs  etch  stop  layer  on  which  was  grown  a 
370  nm  InP  n+  (8  x  1018  cm'3)  layer,  and  a  66  nm 
graded  band  gap  layer  (GBL)  composed  of  four 
pairs  of  alternate  (increasing  in  thickness)  InGaAs 
and  (decreasing  in  thickness)  InP  layers.  An 
unintentionally  doped  190  nm  InGaAs  absorbing 
layer  was  then  grown,  followed  by  four  pairs  of 
alternate  (decreasing  in  thickness)  InGaAs  layers 
and  ( increasing  in  thickness )  InP  layers  and  a 
280  nm  p+  (  graded  in  doping  from  1  to  3  x 
1018cm'3)  InPlayer.  Finally  a  190  nm  p+ (5  x 
1 01 9  cm'3)  InGaAs  contact  layer  was  grown.  This 
layer  structure  was  designed  to  achieve  optimum 
device  response  for  a  5  pm  x  5  pm  device  area. 

Pin  photodiodes  were  then  fabricated  into  the 
structure  shown  in  Figure  4. 

This  design  permits  device  scaling  to  very  small 
areas  since  the  device  is  contacted  via  a  50  Cl 
coplanar  waveguide  structure,  which  is  therefore 
impedance  matched  to  the  load  resistor. 


Figure  4.  Photodetector  Device  Strucure 


Furthermore,  this  structure  permits  integration  of 
a  bias  tee  arrangement  which  may  be  used  when 
operating  the  device  under  reverse  bias 
conditions.  This  feature  is  important,  since  in  high 
frequency  operation,  the  bandwidth  limitation  of 
commercially  available  bias  tees  may  ultimately  limit 
the  device  performance. 

The  processing  of  these  devices  is  achieved  in 
five  simple  process  steps.  First  of  all,  the  device  p- 
type  metal  contact  is  formed  by  evaporating  a 
Ti/Pt/Au  combination  onto  the  p+  InGaAs  layer. 
This  metal  is  then  topped  with  Ni  which  is  used  as 
the  sel*  aligned  etch  mask  to  etch  the  c. vices  into 
individual  mesa  structures  using  Cl2  reactive  ion 
etching.  The  InP  n-type  layers  (common  to  a  row 
of  devices)  are  then  patterned  into  mesa 
structures  by  wet-etching  in  HCI:H20,  and  the  n- 
type  contact  metal  AuGe/Ni/Au  is  e-beam 
evaporated  onto  these  mesas.  A  180  nm  SiNx  film 
is  then  deposited  by  PECVD  to  passivate  and 
isolate  the  device.  Finally,  a  250  nm  Au  layer  is 
evaporated  onto  the  sample  to  form  the  coplanar 
waveguide  structures  which  are  patterned  by  lift¬ 
off.  The  InP  substrate  is  chemically  and 
mechanically  lapped  to  ensure  optical 
smoothness,  and  the  substrate  is  coated  with  an 
anti-reflecting  coating  of  SiNx  which  is  sputter 
deposited. 

Device  Testing 

The  quantum  efficiency  of  the  devices  is 
measured  to  be  31  %.  The  reverse  breakdown 
voltage  is  6  V  and  the  leakage  current  is  40  nA  at  1 
V  reverse  bias. 

The  device  response  speed  was  characterized 
by  electro-optic  sampling,  in  which  1.06  pm  2  ps 
FWHM  pulses  from  a  mode  -  locked,  pulse 
compressed  Nd:YAG  laser  were  used  to  excite  the 
device  under  test.  The  electro-optic  sampling 
system  set-up  is  shown  in  Figure  5. 
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Figure  5.  Electro-optic  sampling 
system  set-up 

The  measured  response  from  a  5  pm  x  5  pm 
device  at  2  V  reverse  bias  is  shown  in  Figure  6. 
This  measured  signal  (solid  line)  is  simply  the 
correlation  of  the  convolution  of  the  detector 
impulse  response  with  the  excitation  signal.  Thus, 
the  detector  impulse  response  may  be  obtained 
by  deconvolving  the  autocorrelation  of  the  optical 
pulses  from  the  measured  response.  The 


Time  (ps) 

Figure  6.  Measured  (solid  line)  and 
deconvolved  Impulse  response  (dotted 
line)  of  a  5  pm  x  5  pm  pin  photodiode 


resulting  deconvolved  device  impulse  response  is 
shown  in  Figure  6  (dotted  line),  and  is  observed  to 
be  3.8  ps  FWHM. 

From  Figure  1  it  is  clear  that  devices  of  area 
greater  than  5  pm  x  5  pm  are  limited  by  RC  effects 
in  the  speed  of  operation,  when  the  absorbing 
layer  thickness  is  only  190  nm.  This  effect  is 
demonstrated  in  Figure  7  where  the  impulse 
response  of  devices  of  different  areas  is 
compared.  The  experimentally  derived  impulse 
response  is  clearly  in  reasonable  agreement  with 
the  theoretical  curve. 
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Figure  7.  Device  response  speed  as  a 
function  of  device  area 

Summary 

High  speed  graded  double  heterostructure  pin 
phtotdiodes  have  been  demonstrated  to  have 
state-of-the-art  impulse  responses.  Further 
optimization  of  the  device  material  design  will  result 
in  increased  operating  speeds  and  will  take  high 
speed  operation  into  the  regime  of  100's  of  GHz  . 
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Abstract 

We  have  fabricated  metal-semiconductor-metal  photo¬ 
detectors  with  sub-100-nm  finger  spacing  and  finger 
width  on  MBE-grown  GaAs,  which  are,  to  our 
knowledge,  the  smallest  ever  reported.  DC  measure¬ 
ment  shows  that  they  have  low  dark  current  and  high 
sensitivity.  Monte-Carlo  simulations  demonstrate  that 
the  response  time  of  the  photodetectors  for  a  30  nm 
finger  spacing  can  be  as  short  as  0.4  ps,  and  the  cut-off 
frequency  can  be  over  1  THz. 


Introduction 

Metal-semiconductor-metal  (MSM)  photodetectors  are 
very  attractive  for  optical  fiber  communication  systems 
and  high-speed  chip-to-chip  connections^  ^]  MSM 

photodetectors  have  several  advantages  over  p-i-n 
photodiodes^!,  such  as  higher  sensitivity-bandwidth 
product  and  compatibility  with  large  scale  FET 
integrated  circuit  technology.  For  high  speed 
applications,  it  is  very  desirable  to  make  spacing  and 
width  of  interdigitated  metal  fingers  small^-8].  In  a 
GaAs  crystal,  the  intrinsic  response  time  of  an  MSM 
photodetector  with  finger  spacing  less  than  200  pm  is 
determined  by  the  electron  transit  time,  since  the  carrier 
recombination  time  is  longer  than  the  transit  time.  The 
smaller  the  spacing,  the  faster  the  MSM  photodetector. 
On  the  other  hand,  reduction  of  finger  widths  will  speed 
up  operation  due  to  reduced  capacitance^  H 1. 
Previously,  MSM  photodetectors  with  finger  spacing 
and  width  greater  than  0.5  pm  have  been  reported,  t^.7- 
101.  The  fastest  GaAs  MSM  photodetector  was 
fabricated  by  Van  Zeghbroeck  et  a/  HO]  which  has  a 
finger  spacing  of  0.5  pm  and  a  finger  width  of  0.75 
pm.  The  response  time  is  4.8  ps  and  an  overall 
bandwidth  is  105  GHz. 


In  this  paper,  we  report  the  fabrication  of  GaAs  MSM 
photodetectors  with  finger  spacing  and  finger  width 
smaller  than  100  nm,  which  are,  to  our  knowledge,  the 
smallest  ever  reported.  The  DC  characteristics  show 
that  the  devices  have  a  low  dark  current  (<  40  nA)  and  a 
high  sensitivity  (0.2  A/W).  A  theoretical  analysis  and 
Monte-Carlo  simulation  results  are  also  presented, 
which  indicate  a  sub-picosecond  operation. 


Fabrication 

The  MSM  photodetectors  were  fabricated  on  a  0.4  pm 
thick  undoped  GaAs  layer  grown,  using  MBE,  on  a 
semi-insulating  GaAs  substrate  with  an  AlGaAs/GaAs 
superlattice  in  between.  The  metal  (Ti/Au)  Schottky 
barrier  contacts  were  fabricated  on  GaAs  by  using 
electron  beam  lithography  and  a  lift-off  technique.  Two 
layers  of  polymethylmethacrylate  (PMMA)  were  spun 
on  the  GaAs  layer  with  high  molecular  weight  (950K) 
layer  on  top  and  low  molecular  weight  (100K)  layer  at 
the  bottom.  After  spinning,  each  layer  was  baked  at 
160*C  for  about  12  hours.  The  double  layer  resist  is 
used  for  achieving  a  good  undercut  profile  suitable  for 
the  lift-off  technique.  Interdigitated  line  patterns  were 
exposed  in  the  resist  using  a  high  resolution  electron 
beam  lithography  system  at  a  beam  energy  of  35  KeV 
and  at  various  doses,  and  developed  in 
cellosolve:methanol  (3:7)  developer  at  20’C  for  7 
seconds.  Details  of  the  electron  beam  system  and 
lithography  process  have  been  described  elsewhere! 
After  exposure  and  development,  metals  (Ti/Au)  were 
evaporated  onto  the  samples  and  were  lifted-off  in 
acetone.  The  basic  processing  sequence  is  illustrated  in 
Fig.  1. 

Fig.  2  shows  scanning  electron  micrographs  of  MSM 
photodiodes  with  different  active  areas  and  finger 
structures.  The  smallest  line  spacing  is  30  nm,  which 
is  shown  in  Fig.  2(b). 
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DC  characteristics 

The  dc  characteristics  of  a  GaAs  MSM  photodetector  is 
shown  in  Fig.  3.  The  dark  current  of  photodetector  is 
typically  40  nA  for  a  device  area  of  15  pm  x  15  pm. 
and  is  determined  by  the  properties  of  GaAs  layer.  The 

Fabrication  steps 

MBE  grown 
undoped  GaAs 


Bilayer  PMMA 


(2)  Spin  bilayer  PMMA  (100K  2%  and  9.‘0K  2%) 
e 

—  Bilayer  PMMA 


(3)  Direct  electron  beam  exposure  using  a 
modified  JEOL  840  SEM 


— Bilayer  PMMA 


(4)  PMMA  development 

2-ethoxyethanol :  methanol  process 

Metal 

Bilayer  PMMA 


(5)  Electron  beam  evaporation  of  Ti/Au 


(6)  Acetone  lift-off 

Figure  1.  Basic  steps  for  fabricating  sub-100-nm  linger 
spacing  and  width  MSM  photodetectors 


(a) 


Figure  2.  Scanning  electron  micrographs  of  GaAs  MSM 
photodetectors  of  (a)  finger  spacing  and  width  160  nm  and 
40  nm.  total  detection  area  14.5  pm  X  15  pm.  and  (bl  70 
nm  wide  Ti/Au  lines  with  30  nm  spacing  on  GaAs. 


Figure  3.  Current  -  voltage  characteristics  of  an  MSM 
photodetector  for  different  light  intensities.  Current  is 
100  nA/div  and  voltage  0.2  V/div. 
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sensitivity  of  the  devices  is  about  0.2  A/W.  A 
passivation  layer  can  be  coated  onto  the  devices  to 
prevent  surface  oxidation  and  minimize  the  light 
reflection,  therefore  improving  the  dark  current  and 
sensitivity.  The  I-V  characteristics  do  not  show 
saturation  because  of  the  surface  recombination  centers. 

Theoretical  analysis 

A  Monte-Carlo  simulation  program  has  been  developed 
for  calculation  of  electron  transit  time.  Several 
assumptions  were  made  in  the  simulation:  (1)  The 
optical  pulse  waveform  is  assumed  to  be  a  8-function, 
and  the  illumination  is  spatially  uniform  over  the  whole 
device.  (2)  Electric  field  is  one-dimensional  and 
uniform  in  the  semiconductor,  which  becomes 
inaccurate  for  the  case  that  finger  spacing  smaller  than 
the  thickness  of  semiconductor  layer  and  can  be 
improved  by  introducing  a  two-dimensional 
analysis^ ^l.  (3)  Electrons  are  not  injected  from  metal 
into  the  semiconductor  over  the  Schottky  barrier.  (4) 
Scatterings  from  phonons,  electrons,  and  impurities  are 


(a)  Intrinsic  current 


(b)  External  current 


Figure  4.  Monte-Carlo  simulation  results  of  the  intrinsic 
and  external  current  response  for  30  nm  finger  spacing 
MSM  photodetector,  the  electric  field  in  GaAs  is  20  kV/cm. 
The  parasitic  capacitance  of  1  fF  and  the  load  resistance  of 
50  Q  were  used  to  calculate  the  external  current. 


characterized  by  a  single  scattering  time  constant,  which 
is  so  chosen  that  it  is  self-consistent  with  the  measured 
parameters  (electron  and  hole  mobilities)  of  GaAs 
sample. 

Figure  4  shows  the  Monte-Carlo  simulation  of  (a)  the 
intrinsic  current  of  photodetector  and  (b)  the  external 
current  after  introducing  the  parasitic  capacitance.  The 
parasitic  capacitance  of  our  devices  was  calculated  using 
conformal  mappings^  1 1,  and  the  capacitance  per  finger 
length  is  0.08  fF/jim  for  an  MSM  photodetector  with 
equal  finger  width  and  spacing.  The  slopes  in  the 
intrinsic  current  profile  are  due  to  the  assumption  that 
light  is  spatially  uniformly  illuminated  over  the  whole 
devices,  instead  of  only  in  the  middle  of  two  fingers  as 
assumed  by  W.C.  Koscielniak  et  al  I**].  For  a  30  nm 
finger-spacing  MSM  photodetector,  the  intrinsic 
response  time  is  0.3  ps,  the  external  response  time  is 
0.4  ps,  and  the  cut-off  frequency  can  be  over  1  THz. 

By  reducing  the  finger  spacing,  the  intrinsic  response 
time  decreases  as  shown  in  Fig.  5(a).  But  reducing 
finger  spacing  does  not  always  lead  to  decreasing 
external  response  time,  because  of  increasing  of  the 
parasitic  capacitance  which  is  determined  by  the  ratio  of 
finger  width  to  finger  spacing.  If  this  ratio  is  reduced,  so 
is  the  parasitic  capacitance  per  finger  length,  leading  to 


0.00  0^20  040  060  080 

Finger  spacing  (pm) 


1.00 


(b) 


Figure  5.  Intrinsic  response  time  vs.  (a)  finger  spacing  and 
(b)  average  electric  field. 
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a  faster  external  response  time.  Therefore,  a  proper 
scaling  of  MSM  photodetectors  requires  shrinking  the 
finger  spacing  and  the  ratio  of  width  to  spacing  at  the 
same  time. 

The  response  time  is  strongly  affected  by  biasing 
voltage  as  show  in  Fig.  5(b).  At  low  bias,  photon¬ 
generated  carriers  will  move  at  a  small  drift  velocity  and 
give  rise  to  a  long  transit  time.  During  simulation,  the 
drift  velocity  is  assumed  to  saturate  at  2x1 0^  cm/s. 
However,  in  sub-100-nm  MSM  photodetectors,  electron 
velocity  overshoot  can  occur  which  will  lead  to  much 
shorter  response  timel^,16]  This  unique  feature  of 
sub-100-nm  finger  spacing  MSM  photodetectors  is  not 
included  in  the  simulation. 

Conclusion 

By  using  high  resolution  electron  beam  lithography,  we 
fabricated  MSM  photodetectors  with  sub-100-nm  finger 
spacing  and  width,  which  are,  to  our  knowledge,  the 
smallest  ever  reported.  DC  measurement  showed  low 
dark  current  and  high  sensitivity.  An  autocorrelation 
technique^]  is  being  used  to  study  the  high-speed 
performance.  The  Monte-Carlo  simulation  showed  that 
the  sub-picosecond  response  time  can  be  achieved  as  the 
finger  spacing  shrinks  below  100  nm.  The  parasitic 
elements  will  become  very  important  to  high  speed 
operation.  By  optimizing  the  device  structure,  however, 
one  can  minimize  the  effects  caused  by  parasitic 
elements  to  achieve  the  sub-picosecond  response  time. 
For  the  30  nm  finger  spacing  and  finger  width  MSM 
photo-detector,  the  simulated  intrinsic  response  time  is 
0.3  ps,  but  the  actual  time  can  be  even  shorter,  because 
of  velocity  overshoot.  The  external  response  time  of 
the  30  nm  spacing  device  is  0.4  ps,  and  the  cut-off 
frequency  is  over  1  THz. 
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Abstract 

An  ultrafast  GaAs  Schottky  photodiode 
is  monolithically  integrated  with  an  all-electronic 
sampler.  The  high-speed  photodiode/electronic- 
sampling  circuit  has  a  temporal  response  of  2.0 
psec  corresponding  to  a  3-dB  bandwidth  of  150 
GHz.  The  photodiode  has  an  external  quantum 
efficiency  of  33%.  This  is  the  highest  speed 
photodiode  ever  reported. 


IntrMimtiflq 

High-speed  photodetectors  play  an  im¬ 
portant  role  in  optical  communication  and  mea¬ 
surement  systems.Photodetectors  are  made 
from  many  different  materials,  but  only  GaAs 
and  InGaAs  devices  have  been  used  as  high¬ 
speed  detectors.  GaAs  devices  are  sensitive 
only  for  wavelengths  shorter  then  890  nm.  For 
longer  wavelength  high-speed  applications, 
InGaAs  photodetectors  are  used.  S.Y.  Wang 
and  D.M.  Bloom  [1]  were  the  first  to  demon¬ 
strate  a  GaAs  photodiode  with  a  3-dB 
bandwidth  exceeding  100  GHz  and  a  temporal 
response  of  5.4  psec.  Later,  Parker  et  al.  [2] 
succeeded  in  achieving  up  to  110  GHz  perfor¬ 
mance.  For  InGaAs  photodetectors,  Wey  et  al. 
reported  a  3.8  psec  FWHM  corresponding  to  a 
bandwidth  of  70  GHz  [3].  All  these  results 
have  been  limited  by  their  measurement 
techniques.  The  speed  of  the  actual  device  had 
to  be  indirectly  determined  by  a  deconvolution 
of  the  system  response  from  the  measured  data. 


In  order  to  overcome  these  measure¬ 
ment  problems,  we  have  pursued  a  monolithic 
approach.  A  GaAs  based  all-electronic  sampler 
is  monolithically  fabricated  with  a  high-speed 
Schottky  photodiode.  Without  deconvolution, 
we  are  able  to  measure  a  temporal  response  of 
2.0  psec  FWHM,  corresponding  to  a  3-dB 
bandwidth  of  150  GHz. 

Photodiode  and  Sampler  Design 

Because  the  fabrication  technologies  for 
290  GHz  bandwidth  GaAs  samplers  [4]  and 
100  GHz  Schottky  photodiodes  are  very  simi¬ 
lar,  it  is  a  simple  step  to  combine  the  two  de¬ 
vices.  Using  the  same  process  technology,  we 
designed  our  device  to  incorporate  the  photodi¬ 
ode,  sampler  and  strobe  nonlinear  transmission 
line  (NLTL)  on  the  same  chip.  Our  samplers 
were  fabricated  on  MBE-grown  GaAs  with  a 
0.3  p.m  thick  N*  active  layer  (1.2  x  10^  cm' 3 
doping)  on  top  of  a  0.8  ^im  N+  highly  con¬ 
ductive  layer  (3  x  10^  cm' 3  doping). 
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Interconnect 

Silicon  Nitride  Photodiode  Metal 


Figure  1.  Diagram  showing  the  cross  section  of 
the  5  x  5  semi-transparent  Schottky 
photodiode. 


Photodiodes  were  then  fabricated  by 
using  the  top  N*  layer  as  the  depletion  region. 
The  relatively  heavy-doping  of  this  layer  results 
in  a  punch-through  voltage  of  6.7  V.  This 
large  punch-through  voltage  enables  us  to  vary 
the  thickness  of  the  photoactive  region  by  sim¬ 
ply  changing  the  bias  voltage. 

A  cross  section  of  our  Schottky  photo¬ 
diode  is  shown  in  Fig.  1.  First,  ohmic  contacts 
to  the  N+  layer  are  formed  by  a  recess  etch 

through  the  0.3  Jim  N'  layer  followed  by  a 
self-aligned  Au/Ge/Ti  liftoff  and  a  rapid  thermal 
anneal.  Next,  proton  implantation  is  used  to 
define  our  active  regions  as  well  as  to  convert 
the  rest  of  the  epilayers  to  semi-insulating  ma¬ 
terial.  100  Angstroms  of  gold  are  then  de¬ 
posited  over  the  photoactive  region  to  make  the 
semi-transparent  Schottky  contact.  This  last 
step  is  the  only  additional  photolithography 
step  that  is  needed  for  monolithic  integration  of 
the  sampler  and  photodiode.  Finally,  intercon¬ 
nect  metal  and  silicon  nitride  are  deposited.  We 
chose  the  thickness  of  the  silicon  nitride  layer 
to  act  as  an  anti-reflection  coating  for  the 
Schottky  photodiode. 

Photodiode  !  Sampler 

Circuit  I  Circuit 


Figure  2.  Circuit  schematic  of  the  photodiode, 
sampler  and  nonlinear  transmission  line 
(NLTL)  strobe. 


The  circuit  schematic  of  the  monolithic 
photodiode/sampler  is  shown  in  Fig.  2.  The 
output  of  the  photodiode  is  connected  to  the 
sampler  through  a  coplanar  transmission  line. 
The  step- like  waveform  produced  by  the  NLTL 
strobe  is  differentiated  by  the  shorted  trans¬ 
mission  lines,  resulting  in  a  voltage  pulse 
across  the  sampler  diodes.  This  turns  on  the 
sampling  diodes  for  the  duration  of  this  electri¬ 
cal  pulse  and  enables  the  sampling  capacitors  to 
sample  the  photodiode  signal  on  the  transmis¬ 
sion  line.  The  sampled  signal  is  then  filtered 
out  by  using  resistors.  The  photodiode  signal 
which  propagates  further  on  the  transmission 
line  can  be  either  terminated  by  a  50  ohm  resis¬ 
tor  or  extracted  through  bond  wires  or  mi¬ 
crowave  probes. 


Pulses  from  a  Spectra-Physics  Nd: 
YAG  modelocked  laser  were  compressed  in  a 
fiber-grating  compressor  and  frequency- 
doubled  in  a  KTP  crystal  before  they  were  used 
to  excite  our  photodiode/sampler  circuit.  The 
laser  was  modelocked  at  82.16  MHz  and  pro¬ 
duced  50  psec  FWHM  pulses.  After  com¬ 
pression,  the  pulse  duration  was  1.6  psec,  pro¬ 
ducing  1.1  psec  durations  at  532  nm.  The  op¬ 
tical  pulses  then  were  focused  on  the  photodi¬ 
ode.  Sampling  of  the  photodiode  was  done  at 
the  50th  harmonic  of  the  modelocker  frequency 
with  a  10  Hz  offset.  This  oversampling  re¬ 
duced  the  sampler  output  by  a  factor  of  50.  A 
buffer  amplifier  was  used  at  the  output  of  the 
sampler  to  increase  its  IF  bandwidth.  The  re 

suiting  equivalent  time  waveform  had  a  period 
of  100  msec  which  corresponded  to  242  psec 
in  real  time. 
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Figure  3.  Electronically  sampled  photodiode 
output. 
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The  sampled  output  of  the  photodiode 
signal  is  shown  in  Fig.  3.  By  changing  the  re¬ 
verse-bias  voltage,  we  found  the  minimum  de¬ 
vice  response,  or  for  our  photodiode  layout,  its 
optimum  depletion  width,  at  4.5  V.  This  cor¬ 
responds  to  a  0.25  Jim  depletion  region.  At  this 
bias  voltage,  we  measured  2.0  psec  FWHM 
pulses.  This  is  a  direct  measurement  from  the 
sampler.  It  corresponds  to  a  total  system  re¬ 
sponse  which  includes  contributions  from  the 
photodiode  impulse  response,  the  sampler 
aperture  time,  the  laser  pulse  duration,  the  laser 
timing  jitter  (<  600  fs),  and  the  microwave 
synthesizer  jitter. 

The  Fourier  transform  of  the  measured 
output  is  shown  in  Fig.  4.  The  overall  system 
response  has  a  3-dB  bandwidth  of  150  GHz. 
We  measured  a  responsivity  of  0.15  A/W 
which  corresponds  to  an  external  quantum  ef¬ 
ficiency  of  33%  at  532  nm  (Fig.  5).  Such  high 


Figure  4.  Fourier  transform  of  the  data  shown 
in  Fig.  3. 


Optical  Power  (pW) 


Figure  5.  Measured  responsivity  of  the 
photodiode. 


efficiency  indicates  an  effective  AR  coating. 
The  typical  operating  average  photocurrent 
while  using  the  sampler  was  kept  below  2  |iA 
which  corresponds  to  a  peak  current  density  of 

4.8  x  lO^  A/cm^  or  a  peak  voltage  of  0.6  V 
into  a  50  ohm  load. 


Conclusion 

We  have  fabricated  a  monolithic  pho¬ 
todiode/sampler.  The  total  response  of  the  sys¬ 
tem  was  measured  to  have  a  FWHM  of  2.0 
psec  and  a  3-dB  bandwidth  of  150  GHz.  The 
external  quantum  efficiency  is  found  to  be 
33%.  To  our  knowledge,  this  device  is  the 
fastest  photodetector. 
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Abstract 

We  have  fabricated  an  optoelectronic  sampling  cir¬ 
cuit  for  direct  measurement  of  picosecond  optical 
waveforms.  The  monolithic  device  incorporates  a 
GaAs  Schottky  photodetector  and  a  high-speed  sam¬ 
pling  circuit  gated  by  a  nonlinear  transmission  line 
strobe  pulse  generator.  Excited  by  an  850  nm  model- 
locked  dye  laser,  a  5.6  ps  FWHM  impulse  response 
is  measured;  we  estimate  a  deconvolved  impulse  re¬ 
sponse  of  approximately  4.5  ps  FWHM. 

Introduction 

Photodetectors  are  fundamental  components  for 
wideband  optical  instrumentation.  In  conjunction 
with  sampling  oscilloscopes,  high  speed  photodetec¬ 
tors  provide  measurements  of  optical  waveforms  oc¬ 
curring  in  multi-GigaBaud  optical  transmission  sys¬ 
tems,  picosecond  mode-locked  lasers,  and  picosecond 
optical  and  optoelectronic  devices.  The  measure¬ 
ment  bandwidth  is  limited  by  the  50  GHz  bandwidth 
of  commercially-available  oscilloscopes,  and  by  the 
parasitic  responses  of  the  photodetector  package  and 
connectors.  Because  of  this  limited  bandwidth,  the 
pulse  durations  of  picosecond  mode-locked  lasers  are 
instead  determined  through  measurements  of  the 
laser  second-harmonic  intensity  autocorrelation;  but 
pulse  shapes  cannot  be  determined  from  autocorrela¬ 
tions,  and  more  general  optical  signals  (e  g.  multiple 
pulses,  sinusoidal  or  pulse-code  modulation)  cannot 
be  measured. 

The  fabrication  processes  and  device  geometries 
required  for  100  GHz  Schottky-barrier  GaAs  pho- 

*On  leave  from  Shimadsu  corporation,  Kyoto,  Japan. 


todetectors  [1,2,3]  and  recently-reported  as  275  GHz- 
bandwidth  diode  sampling  circuits  [4,5]  are  similar. 
Adding  to  the  3-mask  sampling  circuit  fabrication 
sequence  [4]  a  single  process  step  for  semitransparent 
Schottky  contacts,  we  have  fabricated  an  optoelec¬ 
tronic  sampling  circuit  consisting  of  a  GaAs  Schot¬ 
tky  photodetector  integrated  with  a  high  speed  sam¬ 
pling  bridge.  With  a  measured  5.6  ps  full-width-at- 
half-maximum  (FWHM)  impulse  response,  the  de¬ 
vice  permits  direct  measurement  of  picosecond  opti¬ 
cal  waveforms. 

Circuit  Description 

The  optoelectronic  sampling  circuit  (Fig.  1)  com¬ 
bines  a  photodetector  (D3)  and  a  diode  sampling 
circuit  similar  to  that  reported  by  Yu.  et.  al.  [4].  A 
nonlinear  transmission  line  (NLTL)  [6]  compresses 
an  input  strobe  signal  to  w  1.5  ps  falltime  step- 
function.  The  strobe  signal  is  then  passed  through 
a  differentiating  network,  generating  both  positive 
and  negative  impulses  which  gate  sampling  diodes 
( D\ )  and  (£>2).  The  photodetector  (D3)  is  con¬ 
nected  to  the  sampling  circuit  input  through  a  sec¬ 
tion  of  40Q  coplanar  waveguide  (CPW).  This  CPW 
is  terminated  at  the  sampling  circuit  input  by  8011 
resistors  (R3)  and  ( R4 );  CPW  source  termination  re¬ 
sistors  (/?])  and  (R?),  also  8011,  provide  a  near-zero 
photodetector  source  reflection  coefficient,  suppress¬ 
ing  secondary  reflection  of  any  small  pulse  reflec¬ 
tion  from  the  sampling  circuit.  The  low  (2011  design 
value)  photodetector  load  resistance  increases  the 
system  bandwidth.  During  the  sampling  aperture 
time,  the  complementary  strobe  impulses  drive  the 
sampling  diodes  into  forward  bias,  and  the  photocur¬ 
rent  signal  partially  charges  the  coupling  capacitors, 
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Figure  1:  Schematic  diagram  of  sampling  circuit 
with  photodiode. 


(a)  (b) 

Figure  2:  Structural  diagrams  of  the  hyperabrupt 
Schottky  diodes  used  in  the  sampling  circuit  and 
NLTL,  (a),  and  of  the  semitransparent  Schottky 
photodetector,  (b). 

(Ci)  and  (C2)  The  resulting  voltage  change  is  cou¬ 
pled  to  the  sampled  (IF)  output  through  the  iso¬ 
lation  resistors,  (R&)  and  (/?«).  A  photodetector 
bias  network  is  also  integrated  on  the  wafer.  To 
simplify  processing,  instead  of  using  thin-film  dielec¬ 
tric  capacitors,  all  capacitors  are  implemented  using 
reverse-biased  Schottky  diodes. 

Device  Fabrication 

Circuit  fabrication  requires  hyperabrupt  Schottky 
contacts  (Fig.  2a)  for  the  sampling  circuit  (Di,Dj) 
and  NLTL,  and  semitransparent  Schottky  con¬ 
tacts  with  thinner  N~  active  layers  for  the  top- 
illuminated  photodetector  (Fig.  2b).  Starting  with 
a  semi-  insulating  GaAs  substrate,  a  heavily  doped 


(6  x  1018cm-3, 1pm  thick)  N+  layer  is  grown  by 
molecular  beam  epitaxy.  This  serves  as  the  diode 
cathode  connection.  A  surface  N~  active  layer 
(425  nm  thick),  with  an  exponentially-graded  hyper¬ 
abrupt  doping  profile  (6  x  1018cm-3  surface  doping, 
225  nm  grading  constant),  is  then  grown.  Ohmic 
contacts  to  the  N+  layer  are  formed  by  a  0.5  pm 
recess  etch  through  the  N~  layer,  a  self-  aligned 
AuGe/Ni/Au  liftoff,  and  a  subsequent  rapid  ther¬ 
mal  anneal.  Measured  contact  resistance  and  N+ 
layer  sheet  resistance  are  30Q-pm  and  9Q  per  square, 
both  larger  than  design  values  (20Q-/im  and  7.50 
per  square)  based  upon  previous  process  data  [4], 
Proton  implantation  converts  the  N+  and  N~  layers 
to  semi-insulating  material,  determining  diode  junc¬ 
tion  areas  and  defining  resistors  in  the  N+  layer.  A 
dual-energy  implant,  at  180  keV  (1.7  x  1015cm-2) 
and  110  keV  (4  x  1014cm~2),  is  used  to  penetrate 
the  combined  N+  and  N~  layers.  During  implan¬ 
tation,  the  diode  regions  and  resistors  are  protected 
by  a  1.6  pm  Au  on  polyimide  mask. 

In  the  photodetector,  reducing  the  depleted  N~ 
layer  thickness  decreases  the  carrier  transit  times 
but  increases  the  detector  capacitance.  For  a  given 
detector  junction  area  and  given  parasitic  and  load 
resistances,  there  is  an  optimum  N~  layer  thickness 
(approximately  150  nm  for  a  bpm  x  bpm  junction) 
which  optimizes  the  detector  bandwidth.  In  a  single 
self-aligned  step,  the  photodiode  region  is  therefore 
recess  etched  to  leave  a  150  nm  thick  N~  layer  be¬ 
fore  deposition  and  liftoff  of  a  10  nm  Ti/Pt  semi¬ 
transparent  Schottky  contact.  The  Ti/Pt  contact 
has  20%  optical  transmissivity  and  49Q  per  square 
sheet  resistivity.  The  active  photodiode  region  is  the 
bpm  x  bpm  area  where  the  semitransparent  metal 
overlaps  the  unimplanted  N~  material;  the  semi¬ 
transparent  metal  and  ohmic  contact  are  separated 
by  bpm.  Completing  the  process,  interconnections 
and  Schottky  contacts  for  the  sampling  circuit  and 
NLTL  diodes  are  formed  with  a  1.1/im  Ti/Pt/Au 
liftoff. 

Results 

The  devices  were  tested  on  a  microwave  wafer  probe 
station.  An  80  MHz  pulse  train  from  a  mode-locked 
A  =  850  nm  dye  laser  is  focused  on  the  photodetec¬ 
tor  through  the  objective  lens  of  the  probe  station 
microscope.  The  strobe  signal  input,  the  photodiode 
bias  terminal,  and  the  two  IF  outputs  are  connected 
with  CPW  wafer  probes. 

A  complete  sampling  oscilloscope  consists  of 
a  sampling  circuit,  a  low-noise  and  high-input- 
impedance  IF  preamplifier,  a  display  system,  and  a 
triggered  timebase  which  provides  the  sampling  cir- 
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Figure  3:  Measured  impulse  response  of  a  GaAs 
Schottky  photodiode  with  sampler  to  a  1  ps  laser 
pulse  at  a  wavelength  of  850  nm. 

cuit  with  a  strobe  pulse  synchronized  to  the  signal 
under  test.  The  falltime  of  the  strobe  signal  gener¬ 
ated  by  the  timebase  must  be  less  than  the  NLTL 
maximum  falltime  compression  [6],  47  ps  in  this  im¬ 
plementation. 

To  test  the  optoelectronic  sampling  circuits  with¬ 
out  construction  of  the  timebase  and  IF  preamplifier, 
the  strobe  NLTL  is  instead  driven  directly  with  a  mi¬ 
crowave  synthesizer,  and  the  IF  output  is  amplified 
by  a  lock-in  amplifier.  Because  the  NLTL  requires  a 
strobe  input  with  falltime  significantly  less  than  47 
ps,  the  synthesizer  frequency  must  be  above  7  GHz. 
The  strobe  frequency  was  set  at  9,039,999,998  Hz, 
a  frequency  2  Hz  below  the  113,A  harmonic  of  the 
80  MHz  laser  pulse  repetition  rate,  which  results  in 
a  2  Hz  sampled  (IF)  output.  The  sampling  rate  is 
113  times  the  80  MHz  laser  pulse  repetition  rate, 
corresponding  to  113  :  1  oversampling,  and  result¬ 
ing  in  a  41  dB  reduction  in  the  sampled  amplitude. 
The  lock-in  amplifier  serves  to  recover  the  resulting 
low-amplitude  sampled  signal  levels  and  requires  me¬ 
chanical  chopping  of  the  laser  beam.  With  120  pW 
average  laser  power  and  0  V  detector  bias,  we  mea¬ 
sure  a  clean  5  6  ps  FWHM  impulse  response  (Fig. 
3)  without  significant  ringing.  Of  six  optoelectronic 
sampling  circuits  fabricated  on  the  wafer,  all  func¬ 
tion  and  all  show  similar  impulse  responses,  indicat¬ 
ing  good  process  controllability  and  high  yield.  The 
measured  detector  quantum  efficiency  is  1%,  close 
to  the  predicted  0.9%. 

Analysis 

The  measured  5.6  ps  FWHM  impulse  response  is 
limited  by  five  mechanisms;  the  sampling  circuit 
aperture  time,  the  photodiode  RC  time  constant 
and  carrier  transit  time,  and  the  dye  laser  pulse 


Figure  4:  (a)  Dye  laser  autocorrelation  function,  (b) 
Dye  laser  phase  noise. 

width  and  timing  jitter.  An  estimated  2  ps  sam¬ 
pling  circuit  aperture  time  was  determined  through 
measurement  by  the  sampling  circuit  of  the  risetime 
of  an  on-wafer  NLTL  test  pulse  generator.  This  is 
substantially  greater  than  that  measured  on  earlier 
devices  [4]  processed  on  wafers  with  lower  N+  sheet 
and  ohmic  contact  resistivities. 

From  measured  sheet  and  contact  resistivities 
and  measured  capacitances  of  large-area  test  struc¬ 
tures,  we  calculate  a  23D  photodiode  series  resis¬ 
tance  and  a  21  fF  photodiode  depletion  capaci¬ 
tance.  The  measured  external  termination  resis¬ 
tance  {Ri  1 1 i? 2  i I ^3 1 1 ^4 )  is  320,  60%  greater  than 
the  design  value,  and  is  shunted  by  an  estimated 
33  fF  parasitic  layout  capacitance.  The  combined 
network  of  photodetector  resistance,  photodetector 
capacitance,  termination  resistance,  and  layout  ca¬ 
pacitance  contributes  a  predicted  impulse  response 
of  2.1  ps  FWHM.  Photodetector  carrier  transit  time 

[8] ,  as  calculated  from  the  150  nm  depletion  layer 
thickness  and  a  6  x  106cm/s  saturation  hole  velocity 

[9] ,  contributes  1.25  ps  FWHM  to  the  impulse  re¬ 
sponse.  Since  the  N~  layer  is  almost  fully  depleted 
at  zero  bias,  no  significant  improvement  in  pulse  re¬ 
sponse  is  observed  when  the  photodiode  reverse  bias 
is  increased. 

Dye  laser  performance  is  shown  in  Fig.  4.  The 
laser  intensity  autocorrelation  (Fig.  4, a)  is  1  ps 
FWHM,  corresponding  to  a  «  0.7  ps  FWHM  uncor¬ 
related  pulse  width,  while  phase  noise  measurements 
(Fig.  4,b)  [7]  indicate  the  presence  of  oj  =  1.4  ps 
r.m.s  timing  jitter.  With  the  assumption  of  a  Gaus¬ 
sian  probability  distribution  for  this  jitter,  the  peak- 
peak  laser  timing  deviations  at  the  50%  probability 
points  will  be  &Tfwhm  —  2.36  ps,  <tj  =  3.3  ps, 
and  contribute  3.3  ps  FWHM  to  the  measured  im¬ 
pulse  response.  In  confirmation  of  the  phase  noise 
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measurements,  successive  scans  of  the  sampled  sig¬ 
nal  are  observed  to  fluctuate  in  timing  by  3  —  4  ps. 

Using  a  rudimentary  sum-of-squares  convolution, 
and  based  upon  the  measured  sampling  circuit  aper¬ 
ture  time  and  calculated  photodetector  transit  time 
and  photodetector  RC  charging  time,  a  3.1  ps 
FWHM  impulse  response  is  predicted  for  the  op¬ 
toelectronic  sampling  circuit.  Based  upon  the  mea¬ 
sured  5.6  ps  FWHM  response  and  the  measured  laser 
pulse  width  and  phase  noise,  the  measured  impulse 
response  of  the  optoelectronic  sampling  circuit  after 
deconvolution  is  approximately  4.5  ps  FWHM. 

Feedback  stabilization  of  the  laser  timing  [7] 
will  permit  more  accurate  determination  of  the  de¬ 
vice’s  impulse  response.  With  reduced  photodetec¬ 
tor  geometries,  improved  circuit  layouts  eliminat¬ 
ing  parasitic  layout  capacitances,  and  with  reduc¬ 
tion  in  ohmic  contact  and  N+  sheet  resistances  (to 
previously-attained  values),  a  1.5  ps  FWHM  impulse 
response  is  attainable.  Improved  photodetector  ef¬ 
ficiency  can  also  be  attained  through  use  of  Indium 
Tin  Oxide  transparent  Schottky  contacts  [2]. 


Conclusions 

In  summary,  we  have  developed  a  monolithic  GaAs 
optoelectronic  sampling  circuit  for  direct  measure¬ 
ments  of  picosecond  optical  waveforms.  Modula¬ 
tion  waveforms  in  multi-  GHz  fiber-optic  analog  and 
PCM  transmission  systems  can  be  directly  mea¬ 
sured.  With  attainable  improvements  in  detector 
and  circuit  speed,  the  device  can  supplant  autocorre¬ 
lation  and  cross-correlation  techniques  for  measure¬ 
ments  of  picosecond  optical  phenomena. 
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Abstract 

SiGe  11  B  I's  have  demonstrated  new  device  and  cir¬ 
cuit  records,  extending  the  speed  of  silicon  bipolar 
devices  closer  to  a  regime  dominated  by  GaAs  and 
other  compound  semiconductor  technologies.  This 
paper  gives  a  review  of  recent  results  and  describes 
our  present  understanding  in  order  to  address  the 
potential  merits  of  SiGe  1 1  BTs  as  an  extension  to 
Si  bipolar  technology. 

Device  Performance 


The  record  breaking  cut-off  frequency  results  of 
SiGe  and  Si  epitaxial  base  transistors  (cf.  Pigs.  1  and 
2)  demonstrates  the  performance  potential  of  Si 
profile  and  SiGe  bandgap  engineering  (1).  As  can 
be  seen  in  Fig.  3,  the  combination  of  an  thin 
epitaxial  base  and  shallow  polvsilicon  emitter  tech¬ 
nology  allows  sub  50  nm  base  widths  with  low  base 
resistance  and  acceptable  breakdown  voltages.  The 
base  doping  at  the  emitter-base  and  base-collector 
junctions  is  reduced  to  lower  the  electric  field  at  the 
junction,  and  thus  succeeds  in  improving  the 
leakage  and  breakdown  characteristics.  The 
retrograded  base  profile  at  the  emitter-base  transi¬ 
tion  would  degrade  performance  in  Si-only  devices, 
due  to  the  reverse  built-in  field,  retarding  the 
electron  flow.  I  lowcver,  the  Gc  is  used  to  overcome 
this  profile  induced  field  by  grading  the  bandgap 
across  the  neutral  base.  The  field  induced  by  the 
bandgap  grading  of  the  Ge  (see  Fig.  4)  increases  the 
velocity  of  electrons  through  the  base,  reducing  the 
base  transit  time  component  of  the  intrinsic  profile 
delay  according  to  (2) 


rb  (SiGe) 
T/>  (•'>') 


2k 7  ( .  _  kT 

A/V;  V  A/V; 


(1) 


where  A Egc  is  the  bandgap  grading  across  the 
heavily-doped  portion  of  the  neutral  base  profile. 
Figure  5  shows  the  calculated  transit  time  compo¬ 
nents  for  a  retrograde  base  profile,  with  and  without 
SiGe.  As  a  result  of  the  simultaneous  reduction  in 
both  base  transit  time  and  base-emitter  junction 
capacitance,  very  high  frequency  response  is  ob¬ 
tained  even  at  moderate  current  densities  (see  also 
the  data  in  Fig.  I). 

The  Lightly  Doped  Collector  has  been  shown 
(3)  to  improve  the  impact  ionization  breakdown  of 
the  base-collector  junction  without  penalty  on  cur¬ 
rent  density  capability  and  cut-off  frequency.  As  the 
electric  field  is  more  uniformly  distributed  across  the 
junction  region,  the  average  velocity  remains  high, 
but  the  energy  the  carriers  acquire  from  the  field  is 
reduced.  An  adequate  description  of  the  average 
energy  can  be  obtained  from  the  energy  balance 
equation  directly  using  the  following  simplifying  as¬ 
sumptions  (4):  heat  flow  is  neglected  and  kinetic 
energy  is  assumed  to  be  negligible  compared  to  the 
thermal  energy.  If  it  is  further  assumed  that  the  en¬ 
ergy  relaxation  length  Xw  is  constant,  the  second- 
order  moment  of  the  Boltzmann  equation  can  be 
solved  explicitly  for  the  average  energy  as  a  convo¬ 
lution  of  the  electric  field  and  the  exponential  decay 
length  2*,  as 

m*)  -  K  =  4  q  I” *  Fit)  exp  {  --f--  )dx  (2) 
3  J0 

where  F  is  the  electric  field  and  W0  =  (3/2)kT0  the 
energy  at  thermal  equilibrium.  Although  the  aver¬ 
age  energy  is  not  a  perfect  representation  of  the  en¬ 
ergy  of  the  hottest  electrons  responsible  for  impact 
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ionization,  it  gives  an  adequate  prediction  of  the 
breakdown  voltage  as  shown  in  Fig.  6.  Because  the 
maximum  carrier  energy  is  located  deep  inside  the 
base-collector  junction,  the  multiplication  factor  of 
Si  and  SiGe-base  devices  is  essentially  equal  (cf.  Fig. 
7).  Any  difference  in  breakdown  voltage  is  only  due 


Table  1 


Si 

SiGe 

0. 6x4.3 

06x4.3 

fT  (GHz) 

29 

50 

R^kQ/o) 

3.8 

8 

Rb»(0) 

60 

60 

Re  (0) 

16 

8 

BVceo  (V) 

2.4 

3.2 

BVceo(V) 

11 

11 

CCB,M  (ff//""2) 

1.7 

1.6 

Ccftwt  (ff/W) 

0.9 

0.9 

Ceb  (fF//*m2) 

7.8 

6.3 

Table  1  (ref  5) 

Summary  of  device  parameters  of  circuit 
transistors 


Figure  1  (ref  1) 

Measured  cut-off  frequency  versus  collector 
current,  for  Si  and  SiGe  devices,  showing  the 
dependence  on  collector  doping  level. 


Reported  cut-off  frequency  records  in  the 
past  decade  (at  RT).  A  rapid  increase  in  Si 
and  SiGe  performance  is  apparent. 


Depth  (nm) 


Figure  3  (ref  1) 

SIMS  profile  for  the  SiGe-base  transistors  of 
Fig.  1 .  The  Ge  grading  is  positioned  precisely 
in  the  most  heavily  doped  region  of  the  base 
to  enhance  the  base  transit  time. 


to  the  usually  higher  gain  of  the  SiGe  transistors. 
The  net  effect  of  reduced  base  transit  time,  nearly 
equal  ( BVct,0 )  or  better  (BVe^0)  breakdown  char¬ 
acteristics  compared  to  Si-only  devices,  presents  a 
significant  paradigm  shift  of  conventional 
breakdown-speed  trade-off  as  shown  in  Fig  7. 


Germanium  (%) 
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Figure  4  (ref  2) 

Energy  band  diagram  illustrating  first-order 
design  equations  for  graded-SiGe-basc  en¬ 
hancements  in  gain  and  transit  times. 


Figure  6  (ref  4) 

Base-collector  voltage  at  which  the  base  cur¬ 
rent  reverses  as  a  function  of  collector  doping. 
The  insertion  of  an  I-layer  increases  the 
breakdown  voltage  by  0.3-0. 5  Volt. 


Jc  (mA/>mJ) 


Figure  5  (ref  9) 

Calculated  transit  time  components  for  Si 
(dashed)  and  SiGe  (solid)  profiles  showing 
reduction  in  both  re  and  t(,  due  to  the  graded 
Ge  profile. 


Digital  Circuit  Performance 

Recently,  the  first  circuit  results  using  self-aligned 
SiGc-basc  transistors  (5  and  6)  established  new 


world  records  (cf.  Fig.  9)  and  demonstrated  a  13% 
circuit  speed  improvement  in  a  direct  comparison 
with  Si-base  devices  (cf.  Fig.  10).  The  SiGe  profile 
was  designed  to  produce  transistors  with  ff—  50 
GHz  (50  %  higher  than  the  30  GHz  for  Si)  and 
keep  the  collector  capacitance  low  for  better  circuit 
performance  (see  Table  1  for  a  summary  of  the  Si 
and  SiGe  device  characteristics).  The  following 
general  relationship  for  the  delay  of  a  current  switch 
(7)  can  be  used  to  understand  the  device  optimiza¬ 
tion  trade-offs  for  circuit  performance: 


Td  «= 


(2  x  Rb  +  Rl  )(2  x  Cbc  +  CL ) 


lnfT 


(3) 


where  fj,  Rb,  and  Cbc  are  the  cut-off  frequency, 
base  resistance,  and  collector-base  capacitance  re¬ 
spectively.  For  an  ECL  gate  with  emitter  follower, 
Q.  =  Cbc  +  Ccs,  and  Rl  =  Vsfls,  inversely  propor¬ 
tional  to  the  switching  current. 

At  very  high  currents,  oc  Fmax,  which  re¬ 
aches  from  an  estimated  maximum  of  33  GHz  for 
Si  to  45  GHz  for  SiGe  devices  (cf.  Fig.  11)  Im¬ 
provements  in  Fmax  are  achieved  with  self- 
alignment  schemes  to  reduce  Cbc  and  Ccs,  and  can 
be  further  reduced  by  designing  the  device  layout  for 
minimum  base  resistance,  i.e.  long,  narrow  emitter 
stripes.  The  corresponding  required  current  does 
not  allow  for  high  levels  of  integration  however. 
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Instead,  much  better  efficiency  is  obtained  when  the 
capacitive  term  Ri  x  (Cl  +  2  x  Cf,c)  is  approxi¬ 
mately  equal  to  the  profile  contribution 
( 1  +  Rb  x  Isl  Vs)l2nfT-  It  can  easily  be  seen  that 
higher  fj  at  the  expense  of  high  base  resistance 
and/or  collector  capacitance  has  minimal  impact  on 
circuit  performance.  The  measurements  on  un¬ 
loaded  ring  oscillators  support  this  conclusion  as 
shown  in  Fig.  12. 

Minimum  parasitic  capacitances  are  even  more 
important  to  reduce  the  power-delay  product  at  low 
current.  In  this  regime  the  performance  of  the  verti¬ 
cal  doping  profile  is  no  longer  dominated  by  the 
base  and  collector  transit  times,  but  rather  the  spe¬ 
cific  junction  capacitance  is  key  to  reduce  power  and 
delay.  As  discussed  above,  for  the  same  basewidth 
delay,  lower  base-emitter  junction  capacitance  can 
be  obtained,  to  further  improve  the  speed  of  ECL 
digital  circuits. 


Other  Applications 


For  analog  or  other  applications  not  limited  by 
power,  the  designer  can  use  the  additional  degree  of 
freedom  of  the  Ge  profile  more  liberally  to  match 
the  circuit  performance  to  the  intrinsic  transistor 
profile  capabilities.  As  expected  from 
Equation  (1),  the  fj  cut-off  frequency  has  been 
shown  (8)  to  increase  from  75  GHz  at  room  tem¬ 
perature  to  94  GHz  at  liquid  nitrogen  temperature 
(cf.  Fig.  13).  Note  that  the  speed  of  the  Si  devices 
also  increased  at  low  temperature,  albeit  only  at  ex¬ 
tremely  high  current  density.  This  trade-off  between 
speed  and  current  density  is  a  fundamental  differ¬ 
ence  between  the  various  material  systems  for  device 
operation.  As  can  be  seen  in  Figs.  1  and  14,  SiGe 
achieves  higher  speed  than  Si  (but  less  than  InGaAs 
based  IIBTs  for  example)  for  a  given  current  den¬ 
sity,  while  higher  profile  speed  through  conventional 
scaling  always  requires  higher  current  density.  Due 
to  the  fact  that  a  thinner  base  demands  higher  base 
doping,  the  base-emitter  capacitance  per  unit  area 
is  increased.  Thus  a  higher  current  density  is  re¬ 
quired  before  the  capacitive  junction  charging  time 
equals  the  shorter  base  transit  time  (cf.  Fig.  5). 
Since  the  collector  doping  should  be  designed  to 
support  this  current  density,  it  too  has  to  be  raised. 
This  in  turn  increases  the  base-collector  capacitance, 
which  hinders  circuit  speed  (see  Equation  (3)). 
Another  important  factor  for  analog  applications, 
namely  current  gain,  can  be  controlled  independent 
of  the  base  doping: 


P  (Si) 

p  (SiGe) 


pbiM 

Pbi  (SiGe) 


e"AW  kT-^~ 

AEgC 


(4) 


where  A£g(  is  the  bandgap  reduction  due  to  the 
Ge  at  the  base-emitter  depletion  edge.  This  profile 
design  flexibility  allows  for  lower  noise  and  higher 
Early  voltage  designs. 


Vcb  (Volts) 

Figure  7  (ref  4) 

Measured  and  calculated  multiplication  fac¬ 
tors  for  Si  and  SiGc-base  profiles  using 
X  =  80  nm  for  the  energy  calculation. 
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Figure  8  (ref  5) 

Measured  f]'  and  BVceo  values  illustrating 
the  speed-breakdown  trade-off  for  implanted 
and  epitaxial  Si  base  and  SiGe  base  devices. 
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Figure  9 

Reported  unloaded  ECL  ring-oscillator  speed 
records  versus  year,  showing  a  doubling 
about  every  three  years. 


Figure  10  (ref  5) 

Comparison  of  ECL  delay  of  Si  and  SiGe 
transistors  detailed  in  Table  1. 

Discussion 

The  advantage  of  SiGe  for  profile  design  is  that  it 
provides  an  extra  degree  of  freedom  to  work  within 
the  design  constraints  of  base  resistance,  cut-off  fre¬ 
quency,  and  breakdown /leakage  (9),  since  the  base 
transport  time  can  be  reduced  without  changing  the 
doping  profile.  The  additional  flexibility  of  device 
optimization  using  Ge  depends  on  the  application. 
Digital  ECL  logic  has  probably  the  least  leverage, 
but  push-pull  circuits  are  expected  to  benefit  much 
more  from  high  fj  transistors.  On  the  other  hand, 
it  is  clear  that  the  even  the  intrinsic  device  potential 
of  SiGe  HBTs  is  not  as  great  as  that  of,  for  example, 
AlGaAs-lnGaAs  HBTs,  primarily  because  of  the 


Si-like  electronic  properties  of  low  percentage  SiGe 
alloys.  On  the  other  hand,  it  is  indeed  the  compat¬ 
ibility  with  Si  technology  that  makes  SiGe  technol¬ 
ogy  so  exciting:  an  extra  degree  of  freedom  is 
available  to  Si  technology,  allowing  better  device 
design  optimization  and  making  inroads  in  applica¬ 
tions  which  are  out  of  reach  for  pure  Si,  while  cap¬ 
italizing  on  the  vast  technology  base  of  Si 
technology.  However,  the  technology  challenge  of 
integrating  strained  epitaxial-base  devices  into  exist- 


Figure  1 1  (ref  9) 

Simulation  showing  f  j  (solid  lines)  and 
/ MAX  (dashed  lines)  dependence  on  zero  bias 
intrinsic  base  resistance.  The  structure  of  the 
devices  detailed  in  Table  1  was  assumed. 


Figure  12 

Comparison  of  ECL  delay  of  "high"  fj-Rbc 
Cf,c  and  "low "  fj- Rfc- Cfc  SiGe  devices.  The 
circuit  performance  with  the  higher  fj  device 
is  actually  the  slower  of  the  two. 
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Figure  1 3  (ref  8) 

Collector  current  dependence  of  f'f  at  298K 
and  85K  for  Si  and  SiGe  devices.  In  both 
cases,  peak  fj  and  maximum  current  density 
increase  with  lower  temperatures. 
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Reported  record  fj  versus  current  density 
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ing  processing  techniques  and  achieving  adequate 
control  of  all  the  critical  parameters  is  an  enormous 
engineering  challenge 
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INTRODUCTION 

Recent  advances  in  material  growth  and  fabrication  pro¬ 
cess  have  made  possible  the  realization  of  a  new  class  of 
ultra-fast  High  Electron  Mobility  Transistors  (HEMTs)  in 
the  AlInAs/GalnAs  material  system  (lattice-matched  to 
InP).  In  the  last  three  (3)  years  alone,  through  improvements 
in  materials  and  shrinking  of  gate  length,  the  speed  of 
state-of-the-art  AlInAs/GalnAs  HEMTs  has  been  increased 
at  an  astounding  rate:  from  80  GHz  in  1987  to  250  GHz  as 
of  today  [1-4J. 

S  uch  a  pace  of  progress,  however,  cannot  be  maintained 
indefinitely.  As  the  gate  length  approaches  the  0.1  pm 
regime,  it  becomes  increasingly  more  difficult  to  improve 
the  device  speed  by  simply  reducing  the  gatelength.  In  this 
gatelength  regime,  parasitic  delays,  such  as  drain  delay 
(due  to  the  extension  of  the  drain  depletion  region)  and 
capacitance  charging  time  (gate  pad  and  fringe),  represent 
a  large  portion  of  the  total  delay  and  will  ultimately  limit 
the  device  extrinsic  speed  [5-7].  Evidences  that  support 
this  claim  are  plenty  and  can  be  readily  observed  by 
plotting  the  fr  as  a  function  of  gate  width  [6]  or  gatelength 
[8] .  Due  to  parasitic  delays,  the  fr  decreases  with  reducing 
gate  width;  and  its  rateof  increase  with  reducing  gatelength 
diminishes  as  the  gate  length  approaches  0  (see  Fig.  1). 

In  order  to  futher  advance  this  technology,  significant 
breakthroughs  must  be  made  in  the  following  areas: 
(1)  modeling  of  sub-0.1  pm  (or  nanometer)  gatelength 
HEMTs,  (2)  growth  and  characterization  of  pseudomor- 
phic  AlInAs/Gai„xInxAs  materials,  and  (3)  nano¬ 
fabrication.  In  the  following,  the  present  author  will 
present  a  brief  discussion  on  a  number  of  key  advances  in 
each  of  these  areas,  as  well  as  a  projection  for  their  pace  of 
progress  in  the  near  future. 


SCALING  MODELS 

In  order  to  significantly  improve  the  speed  of  state-of-the- 
art  HEMTS,  one  must  develop  a  thorough  understanding 
and  an  accurate  model  for  the  scaling  of  gatelength  de¬ 
vices.  As  a  minimum,  such  a  model  must  take  into  account 
theeffects  of  the  gate  pad  and  fringecapacitances,  extension 
of  the  drain  depletion  region,  and  parasitic  resistances 
(ideally,  it  should  also  be  able  to  model  the  effects  of  the 
output  conductance  and  feedback  capacitance  as  well). 

Although  significant  progress  in  this  area  has  been 
made  in  the  last  two  (2)  years  or  so,  we  still  do  not  have  a 
complete  model  that  can  be  used  with  a  high  degree  of 
confidence.  Presently,  we  only  have  partial  models  which 
can  take  into  account  some,  but  not  all,  of  the  parasitics. 
These  models  are  capable  of  predicting  the  fp  with  rea¬ 
sonable  accuracy,  at  least  down  to  the  0.1  pm  regime 
[7, 9}.  Such  models  are  being  evaluated  at  the  author’s 
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Fig.  1.  Scailing  of  AlInAs/GalnAs  HEMTs 
with  gatelength.  The  effects  of  parasitics  on  fT 
are  evident  at  Lq<0.  1  pm. 
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laboratories  for  use  in  the  design  and  optimization  of 
nanometer  gatelength  AlInAs/GalnAs  HEMTs  and  the 
results  will  be  reported  at  the  time  of  the  conference. 

MATERIALS 

The  key  to  realize  ultra-fast  HEMTs  with  nanometer  gate 
length  lies  in  the  optimization  of  materials  and  device 
structures  to  reduce  their  parasitics.  For  a  given  gatelength, 
one  must  maximize  the  device  transconductance  (gm). 
minimize  the  parasitic  resistances,  and  suppress  the  ex¬ 
tension  of  the  drain  depletion  region.  Therefore,  ideally, 
one  must  utilize  a  material  system  with  the  following 
characteristics: 

( 1 )  A  low  Schottky  barrier  height  and  high  achiev¬ 
able  doping  density  to  allow  an  extremely  close 
gate-to-channel  separation, 

(2)  A  high  two-dimensional  electron  gas  (2DEG) 
sheet  density  and  high  mobility  to  maximize  the 
modulation  efficiency  [10]  as  well  as  minimize 
the  parasitic  resistances,  and 

(3)  A  high  peak  velocity. 

Among  all  existing  material  systems,  the  AlInAs/GalnAs 
system,  grown  on  an  InP  substrate,  is  the  only  one  that 
possesses  all  of  the  above  characteristics  and  therefore  is 
the  system  of  choice  for  ultra-fast  nanometer  gatelength 
HEMTs.  Its  low  Schottky  barrier  height  (-0.4  eV),  high 
achievable  doping  density  (- 1019  cm  ’),  high  2DEG  sheet 
density  (>3.5x  lO^cm'2),  high  mobility  (10,000 to  13,000 
cm2/V-s),  and  high  peak  velocity  (>2.6xl07  cm/s)  have 
resulted  in  devices  with  the  highest  fj  yet  reported. 

Currently,  state-of-the-art  Alin  As/Ga]  ,xInx  As  HEMT  s 
have  been  successfully  fabricated  in  materials  with  0.53 
<  x  <0.65.  However,  the  improvements  in  electron  mobility 
and  peak  velocity  with  increasing  indium  composition  are 
very  modest  in  this  regime  and  are  not  expected  to  result 
in  significant  performance  improvements  for  nanometer 
gate-length  HEMTs.  Recently,  there  has  been  mounting 
evidence  that  the  electron  mobility  and  peak  velocity  in 
strained  (or  pseudomorphic)  AlInAs/Gai_xInxAs  quan¬ 
tum  well  are  rapidly  improved  for  x  >0.65  [11,  12].  A 
record  room  temperature  mobility  of  1 5,200  cm2/V-s  with 
a  2DEG  sheet  density  of  1 .8x 101 2  cm'2  has  been  reported 
for  such  a  quantum  well  with  x  =  0.8  [  1 1  ] .  At  the  author’s 
laboratories,  we  have  grown  similar  strained  AUnAs/ 
Gaj  .xInx As  layers  and  have  obtained  a  room-temperature 
mobility  of  1 2,600  cm2/V-s  with  a  2DEG  sheet  density  as 
high  as  3.6xl012  cm'2  [13].  These  layers  are  currently 
being  evaluated  and  the  results  will  be  reported  at  a  later 
time. 


FABRICATION 

The  gate  lithography  is  without  question  the  most  critical 
step  in  the  fabrication  of  ultra-fast  HEMTs.  At  the  present 
time,  electron  beam  lithography  is  still  the  dominant 
exposure  method  for  sub-micrometer  geometries  (0.1  to 
0.3  pm),  as  well  as  pan  of  the  nanometer  regime  (50  to 
100  nm),  although  other  exposure  methods,  such  as  focus 
ion  beam  (FIB)  lithography,  may  eventually  be  required 
for  finer  resolution  and  repeatability. 

Until  recently,  most  state-of-the-art  HEMTs  with 
gatelength  of  0. 1  pm  or  longer  employ  a  T-,  or  mushroom  - 
gate  to  reduce  the  gate  metal  resistance  whereas  those  with 
gate  length  shorter  than  0. 1  pm,  due  to  processing  com¬ 
plexity,  often  employ  the  conventional  high-resistance 
triangular  gate.  Within  the  last  year,  however,  two  (2) 
significant  processes  have  been  successfully  developed  at 
the  author’s  laboratories  that  have  altered  this  conven¬ 
tional  approach.  The  first  was  the  demonstration  of  a  new 
self-aligned  gate  process  in  which  the  sub-micrometer 
T-gate  is  used  as  a  shadow  mask  during  ohmic  deposition, 
allowing  the  ohmic  contacts  to  be  self-aligned  with  the 
gate  [4],  The  second  was  the  successful  fabrication  of  a 
80  nm  T-gate  using  a  50  kV  electron  beam  [14].  By 
combining  the  two  processes,  we  have  fabricated  a  80  nm 
self-aligned  T-gate  HEMT  with  a  fjas  high  as  250  GHz. 

At  the  present  time,  a  significant  amount  of  effort  is 
being  devoted  at  the  author’s  laboratories  in  order  to 
reduce  the  gate  length  to  50  nm  and  optimize  the  materials 
for  that  particular  gatelength.  This  author  predicts  that, 
with  proper  scaling,  an  extrinsic  fr  as  high  as 400 GHz  will 
be  obtained  in  the  near  future  for  50  nm  gatelength 
HEMTs  (see  Fig.  2). 
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Fig.  2.  Projected  performance  of  a  self-aligned 
gate  AlInAs/GalnAs  HE MTsin  the  early  1990s. 
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POTENTIAL  LIMITATIONS 

Although  the  scaling  of  HEMTs  appears  to  be  straight 
forward  in  terms  of  fj,  we  do  not  yet  have  a  complete 
scaling  model  that  can  predict  the  scaling  of  the  power 
gain  cutoff  frequency  (fm«)-  At  the  present  time,  the 
modeling  and  scaling  of  two  of  the  device  parasitics, 
namely  the  gate-to-drain  capacitance  and  output  conduc¬ 
tance,  are  poorly  understood  and,  thus,  it  is  not  yet  possible 
to  predict  the  fundamental  limit  for  fmax.  However,  from 
the  preliminary  work  of  the  present  author  (and  co-work¬ 
ers)  [14],  it  appears  that  these  parasitics  may  present 
serious  potential  limitations  for  nanometer  gatelength 
HEMTs  and  must  be  further  reduced. 


CONCLUSIONS 

Significant  progress  has  been  made  in  ultra-fast  HEMT 
technology  in  the  last  few  years,  resulting  in  a  factor-of- 
three  improvement  in  fj  for  state-of-the-art  HEMTs.  The 
present  author  believes  that  this  fascinating  pace  of  progress 
can  still  be  maintained  in  the  early  1990s,  with  further 
reductions  of  gate  length  and  device  parasitics,  as  well  as 


substantial  improvements  in  electron  mobility  and  peak 
velocity. 
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Abstract 

Picosecond-resolution  measurements  of  the  current 
transients  produced  when  energetic  ions  (alpha 
particles)  interact  with  high-speed  digital  GaAs 
MESFETs  are  presented.  Measurements  as  a 
function  of  device  bias  and  temperature  reveal  the 
presence  of  several  different  contributions  to  the 
charge-collection  transients,  ranging  in  time  scale 
from  picoseconds  to  microseconds.  The  effects  of 
permanent  radiation  damage  are  found  to  degrade 
device  performance  to  the  extent  that  reliable 
measurement  of  the  ion-induced  transients  is  diffi¬ 
cult  and,  in  many  cases,  impossible.  The  use  of 
above-band-gap  picosecond  laser  excitation  is  reveal¬ 
ed  to  be  a  viable  alternative  to  the  use  of  heavy 
ions  for  characterization  of  the  charge-collection 
dynamics  in  semiconductor  devices. 

IattodiKto 

Single  event  upsets  (SEUs)  are  transient  errors 
(changes  in  state)  in  digital  circuit  elements 
induced  by  energetic  ions.  SEUs  have  been  observed 
both  on  Earth  and  in  space  in  a  variety  of  integrat¬ 
ed  circuits,  including  random-access  memories 
(RAMs)  and  microprocessors  [1],  with  both  GaAs 
and  silicon  based  technologies  being  susceptible.  On 
Earth,  SEUs  can  be  caused  by  components  of  cos¬ 
mic  rays  (the  intensity  of  which  varies  with  alti¬ 
tude),  and  by  alpha  particles  produced  by  the 
decay  of  naturally  occuring  radioactive  impurities 
in  packaging  and  fabrication  materials  [2].  Space- 
based  electronics  are  particularly  susceptible  to 
single-event  phenomena,  with  SEUs  posing  a  seri¬ 
ous  reliability  problem  for  space-based  digital  sys¬ 
tems  because  of  the  large  flux  of  energetic  ions  in 


cosmic  rays  and  the  Earth’s  radiation  (proton) 
belts. 

In  this  paper  we  describe  a  study  of  ion- 
induced  transient  phenomena  in  a  digital  GaAs 
MESFET  that  is  typical  of  those  found  in  today’s 
high-speed  memories  and  logic.  GaAs  is  desirable 
for  applications  in  space  systems  because  of  its 
high-speed  and  low  power  consumption  characteris¬ 
tics,  but  GaAs  devices  have  exhibited  a  low  thres¬ 
hold  for  single-event  upset  phenomena.  With  the 
current  state  of  GaAs  technology,  significant 
problems  must  be  overcome  before  a  widespread 
utilization  of  GaAs  technology  in  space  is  possible. 

Energetic  ions  interact  with  semiconductor 
devices  to  produce  ionization  tracks  that  consist  of 
dense  plasmas  of  free  carriers.  These  thermalize 
with  the  lattice  on  a  time  scale  of  a  few  picoseconds 
and,  under  the  influence  of  drift  and  diffusion,  are 
collected  at  the  various  circuit  nodes.  A  large 
amount  of  work  has  been  devoted  to  measurement 
of  the  time- integrated  charge  produced  by  the  inter¬ 
action  of  energetic  ions  with  semiconductor  devices 
(such  measurements  are  commonly  referred  to  as 
charge  collection  [3-12]).  Numerous  phenomena  of 
general  significance  in  the  understanding  of  ion/ 
semiconductor  interactions  (many  with  pratical 
implications  with  regard  to  SEU)  including  the 
charge-funneling  effect  [5,6],  the  ion-shunt  effect 
[8],  and  the  gate-edge  effect  [7,11]  have  been 
discovered  in  this  manner.  It  has  long  been  recog¬ 
nized,  however,  that  time-resolved  measurements  of 
charge-collection  transients  are  essential  for  a 
complete  understanding  of  the  charge-collection 
process,  as  well  as  its  relationship  to  single-event 
phenomena.  Early  measurements  utilized  transient 
digitizers  and  sampling  oscilliscopes  to  measure  the 
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Figure  1.  Schematic  diagram  of  the  NRL  ion  microbeam  apparatus. 


charge-collection  transients  [4-6,  8-10].  In  general, 
the  measured  transients  were  observed  to  consist  of 
faster  and  slower  contributions,  which  commonly 
were  attributed  to  charge  collection  by  drift  (includ¬ 
ing  funneling)  and  diffusion  mechanisms,  respective¬ 
ly.  These  measurements,  however,  were  plagued  by 
poor  temporal  resolution,  making  any  detailed 
interpretations  difficult. 

Recently  it  has  become  possible  to  resolve  the 
dynamical  evolution  of  charge-collection  transients 
with  picosecond  resolution  [11-13].  In  this  paper  we 
describe  some  of  the  first  picosecond-resolution 
measurements  of  the  current  transients  produced 
when  energetic  ions  interact  with  GaAs  MESFETs. 
These  results  reveal  details  of  the  charge  collection 
process  that  could  not  be  deduced  from  measure¬ 
ments  performed  with  lower  temporal  resolution. 
Additionally,  we  illustrate  the  utility  of  picosecond 
laser  excitation  to  simulate  the  effects  of  heavy  ions 
in  these  devices.  In  particular,  it  is  demonstrated 
that  measurements  with  above  band-gap  picosec¬ 
ond  laser  irradiation  reproduce  both  the  qualitative 
and  quantitative  features  of  excitation  by  ionizing 
radiation.  This  result  is  particularly  significant 
because  the  optical  experiments  can  be  performed 
without  the  cumulative  effects  of  permanent  radia¬ 
tion  damage,  which  are  quite  severe  for  the  small 
area  GaAs  devices  of  this  study.  It  also  permits  us 
to  draw  on  the  body  of  work  already  performed  on 
optical  excitation  of  GaAs  devices  [14-17]. 

Experimental 

The  energetic  ions  used  in  these  experiments  were 
produced  by  a  3- MV  tandem  Van  de  Graff  accelera¬ 
tor.  Figure  1  shows  a  schematic  of  the  NRL  ion 


microbeam  facility  [18],  with  the  ion  beam  entering 
from  the  left.  All  components  shown  in  this  figure 
(except  the  microscope)  are  under  vacuum.  The  ion 
beam,  which  is  typically  ~1  mm  in  diameter,  is 
diffused  by  the  thin  (Ni)  scattering  foil.  Those  ions 
scattered  at  the  angle  0  will  pass  through  the 
collimating  aperture  and  a  2.5  pm  pinhole  (labeled 
“small  aperture”  in  fig.  1)  that  is  located  directly 
in  front  of  the  device  under  test.  The  pinhole  is 
suspended  from  an  x-y  translation  stage,  permitting 
precise  control  over  the  position  of  ion  strikes  on 
the  surface  of  the  device.  The  beam  flux  at  the 
device  is  controlled  through  variation  in  6. 

The  device  under  test  is  mounted  in  a  high- 
frequency  (50  GHz)  microwave  package,  with  the 
source  grounded  and  the  gate  and  drain  wirebonded 
to  microstrip  transmission  lines.  The  transient 
signals  are  launched  from  the  microstrip  lines  onto 
50  GHz,  2.4  mm  coaxial  connectors,  fed  through 
the  vacuum  wall  with  a  semi-rigid  cable,  and 
passed  through  a  bias  tee  into  the  input  of  a 
IIYPRES  PSP-750  70  GHz  superconducting  sampl¬ 
ing  oscilloscope.  In  these  experiments,  each  ion 
striking  a  sensitive  region  of  the  device  produces  a 
current  pulse.  A  fundamental  difficulty  associated 
with  measurement  of  these  high-frequency  transi¬ 
ents  is  the  random  time  interval  between  ion 
strikes,  coupled  to  the  difficulty  in  obtaining  a 
jitter-free  trigger  signal.  The  HYPRES  system 
currently  is  the  best  instrument  available  for  the 
measurement  of  such  transients.  In  addition  to  its 
70  GHz  bandwidth,  the  HYPRES  contains  a  built 
in,  effectively  dispersion  free  (to  70  GHz),  super¬ 
conducting  delay  line  that  permits  the  sampling  of 
randomly  arriving  transients  while  maintaining  its 
full  instrumental  bandwidth. 
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Figure  2.  Current  transients  detected  at  the  drain 
of  a  1.2  pm  x  50  pm  depletion-mode  GaAs 
MESFET  as  a  function  of  exposure  ( lower  to 
upper)  to  a  2.9  MeV  4 He  ton  beam.  Vq  =  —1.0  V , 
Vq  =  4.0  V ,  with  the  source  grounded. 

For  the  optical  experiments,  laser  pulses  of 
~10ps  duration  were  produced  with  a  cavity- 
dumped  dye  laser  synchronously  pumped  by  the 
second  harmonic  of  a  continuous-wave  modelocked 
Nd:YAG  laser.  Because  of  the  slow  (~1  ps)  relaxa¬ 
tions  observed  in  this  study,  cavity-dumped  opera¬ 
tion  is  essential  to  eliminate  device  charging  effects 
from  sucessive  laser  pulses;  pulse  repetition  rates  of 
400-800  KHz  were  used.  For  the  experiments  report¬ 
ed  here,  an  excitation  wavelength  of  800  nm  was 
used.  We  have  performed  experiments  with  excita¬ 
tion  wavelengths  as  long  as  875  nm,  on  the  low- 
energy  side  of  the  GaAs  bandgap.  The  longer- 
wavelength  excitation  will  penetrate  deeper  into  the 
substrate,  and  is  expected  to  better  approximate 
the  charge  distribution  created  by  an  ion  strike. 
Experiments  were  also  performed  with  10  ps,  527 
nm  excitation  generated  with  a  modelocked 
Nd:Glass  laser  system  [19].  The  wavelength- 
dependent  results  provide  additional  insights  into 
the  charge-collection  mechanisms.  The  conclusions 
of  those  studies  are  consistent  with  those  presented 
here,  and  will  be  described  elsewhere. 

Results  and  Discussion 

In  Figure  2  we  show  representative  current  transi¬ 
ents  produced  on  the  drain  of  a  1.2  pm  x  50  pm 
depletion  mode  GaAs  MESFET  by  2.9  MeV  a- 
particle  ( 4 He )  irridiation.  This  device  was  operated 
in  a  pinched-off  condition  with  the  gate  and  drain 
biased  at  —1.0  V  and  4.0  V,  respectively,  with  the 
source  grounded.  This  figure  shows  a  series  of  four 
sucessive  runs  (lower  to  upper),  with  the  lower 
curve  representing  a  nominally  undamaged  device 


(each  run  spans  five  to  ten  minutes  and  involves 
approximately  100,000  ion  strikes).  The  ion  strikes 
were  centered  on  the  high-field  region  between  the 
gate  and  drain.  The  rapid  evolution  of  the  meas¬ 
ured  transients  as  a  function  of  beam  exposure  is 
indicative  of  permanent  radiation  damage  effects 
(displacement  damage).  The  effects  of  radiation 
damage  are  obviously  quite  significant,  and  it  is 
only  possible  to  perform  a  limited  number  of  experi¬ 
ments  on  a  given  device  before  the  transients  are  no 
longer  representative  of  an  undamaged  device.  For 
ions  heavier  than  4  He  the  effects  are  even  more 
severe.  Our  experience  indicates  that  displacement 
damage  effects  are  more  severe  in  GaAs  than  in  Si. 
This  has  also  been  reported  by  Brown  and 
Williams  for  somewhat  different  excitation  condi¬ 
tions  [20]. 

Evident  in  the  undamaged  transient  of  figure  2 
is  a  rapid  rise  followed  by  an  exponentially  relaxing 
tail  exhibiting  a  time  constant  of  ■ — ■  150  ps.  Also 
evident  is  a  finite  signal  amplitude  at  500  ps.  This 
amplitude  is  characteristic  of  an  underlying  slow 
component  to  the  charge-collection  transient.  This 
slow  component  exhibits  a  relaxation  time  on  the 
order  of  1  ps  [12],  and  is  believed  to  arise  from 
deep-level  traps  known  to  be  prevalent  in  GaAs. 
The  “ringing"  evident  in  each  curve  is  due  to  the 
bond  wire  inductance  interacting  with  the  intrinsic 
capacitance  of  the  device.  Calculations  representing 
the  device  and  its  bond  wires  by  a  series  resistance, 
inductance,  and  capacitance  have  reproduced  the 
observed  oscillations.  Measurements  performed  on  a 
device  in  which  the  bond  wire  lengths  are  minimiz¬ 
ed  show  significantly  reduced  ringing  (c/.,  figure  5). 
Devices  are  currently  being  fabricated  with  co- 
planar  transmission  lines  on  chip  to  eliminate 
entirely  the  problem  of  bond-wire  inductances. 

The  evolution  in  the  shape  of  the  charge  collec¬ 
tion  transient  as  a  function  of  radiation  exposure 
shown  in  figure  2  is  consistent  with  an  increased 
concentration  of  recombination  sites,  resulting  in  a 
reduced  carrier  lifetime.  The  data  reveal  that  the 
amplitudes  for  both  the  ~  150  ps  and  the  ~1  ps 
components  are  reduced  significantly  with  increas¬ 
ing  radiation  exposure.  Time-integrated  charge- 
collection  measurements  should  correspond  to  the 
area  under  the  transients  of  figure  2.  As  is  evident, 
the  time-integrated  charge  collection  efficiency  also 
is  decreased  significantly  with  increasing  radiation 
exposure. 

The  radiation-damage  effects  discussed  in  the 
previous  paragraphs  represent  an  intrinsic  liability 
of  ion-induced  charge-collection  measurements  per¬ 
formed  with  sampling  techniques.  Such  effects 
typically  become  more  severe  as  device  feature  size 


122 


Picosecond  Electron and  Optoelectronics 


•\  A 


,«vA/ W 


,-vVV-VvV 


-2 


> 

E 

1  -6; 

£  or 

CO  *  \ 
c 
‘oj 
D 


!  \ 


u 


V 


- 5 ;  j  /^/ 


-10 


15 


0  100  200  300  400  500 

Time,  ps 


Figure  3.  Drain  current  transients  for  1.2  pm 
x  50  pm  depletion-mode  GaAs  MESFETs  with 
excitation  by  (a)  4 He  ion  beam  and  (b)  800  nm,  10 
ps  laser  pulse.  The  bias  conditions  for  (a)  are  as  in 
figure  2;  in  ( b )  the  device  was  biased  with 
VG  =  —\.b  V,  Vq  =  5.0  V with  the  source 
grounded. 


is  reduced.  To  gain  added  insight  into  the  dyna¬ 
mics  of  the  charge-collection  process,  without  the 
complications  introduced  by  radiation-damage 
effects,  we  have  investigated  the  transients 
produced  by  above-band-gap  picosecond  laser  exci¬ 
tation.  Figure  3  shows  a  comparison  of  the  nomi¬ 
nally  undamaged  ion-induced  transient  (figure  3a) 
with  a  transient  produced  with  ~10ps,  800  nm 
laser  excitation  (figure  3b).  The  data  of  figure  3 
reveal  that,  for  the  devices  of  this  study,  the 
essential  features  of  the  ion-induced  charge- 
collection  transients  are  also  present  in  the 
transients  produced  by  picosecond  laser  excitation. 
Evident  in  the  transient  of  figure  3b  are  the  rapid 
rise,  the  ■ — ■  1 50  ps  relaxation,  the  finite  amplitude 
at  long  times  associated  with  a  slower  signal  contri¬ 
bution,  as  well  as  the  ringing  associated  with  the 
bond  wire  inductances.  Therefore,  it  may  be  con¬ 
cluded  from  this  result  that  a  significant  amount  of 
information  can  be  determined  through  the  use  of 
optical  techniques  without  inflicting  damage  to  the 
device. 

In  figure  4  we  show  the  drain  bias  dependence 
of  the  laser-induced  (800  nm)  current  transients  for 
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Figure  4.  Drain  bias  dependence  of  the  laser-excited 
drain  current  transients  for  the  same  device  as  in 
figure  3 b:  VD  =  5.0  V;  3.0  V;  2.0  V;  1.0  V;  and 
0.5  V  (lower  to  upper)-,  =  — 1.5  V\  Eg  =  0.0 
V. 

the  same  device  used  to  generate  figure  3b.  While 
this  data  set  contains  significant  information  on  the 
mechanisms  of  charge  collection  in  this  device,  we 
wish  to  focus  initially  on  the  fact  that  this 
experiment,  which  is  trivial  when  using  optical 
techniques,  is  effectively  impossible  for  ionic  excita¬ 
tion  because  of  the  degradation  associated  with 
radiation-damage  effects.  A  limited  number  of  bias- 
dependent  heavy  ion  measurements  have  been  per¬ 
formed  on  different  devices,  producing  results  that 
are  consistent  with  those  of  figure  4. 

The  bias-dependent  transients  of  figure  4  show 
four  general  trends:  i)  the  signal  amplitude  at  short 
times  increases  initially  W'*1.  increasing  source  to 
drain  bias,  and  tends  to  saturate;  ii)  the  area 

under  the  transient  increases  with  increasing  bias; 
Hi)  the  amplitude  at  long  times  increases  with 
increasing  bias;  and  in)  at  very  low  drain  bias  (<1 
V)  the  dynamics  are  somewhat  slower  than  at  the 
higher  biases.  We  note  that  these  transients  were 
measured  on  the  IIYPRES  system  using  the 
internal  trigger  mode;  therefore,  the  relative 
position  (along  the  time  axis)  is  dependent  on  the 
trigger  level  and  is  not  of  physical  significance.  It  is 
expected  that  if  the  time  axis  were  absolute,  the  0.5 
V  and  1.0  V  curves  showing  the  slower  dynamics 
would  be  shifted  to  the  right.  Observation  (i),  the 
amplitude  saturation,  may  be  due  to  velocity 
saturation  during  the  initial  drift  collection  process. 
This  is  consistent  with  the  observation  of  slower 
dynamics  at  lower  bias  conditions  (point  «i>). 
Observations  (ii)  and  (ii*)  are  closely  related,  with 
most  of  the  increased  charge  at  higher  biases  being 
associated  with  an  increased  amplitude  for  the 
slower  (~1  ps)  signal  contribution.  This  conclusion 
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Figure  5.  Drain  current  transients  for  a  1.2  pm 
x  50  pm  depletion- mode  GaAs  MESFET  as  a 
function  of  temperature  (given  in  degrees  Celsius) 
for  excitation  by  2.9  MeV  AHe  ions.  The  device  was 
biased  with  the  gate  at  —1.5  V,  the  drain  at  2.0  V , 
with  the  source  grounded. 

is  consistent  with  wavelength-dependent  studies  in 
which  the  ~1  ps  component  is  observed  to  increase 
in  amplitude  with  excitation  at  longer  wavelenths, 
decreasing  significantly  for  527  nm  excitation. 

There  are  several  reasons  for  using  optical 
methods  to  investigate  charge-collection  dynamics. 
We  have  already  mentioned  the  significant  problem 
of  radiation  damage.  In  addition,  optical  methods 
are  desirable  because:  they  are  significantly  less 
expensive  to  set  up,  and  more  convenient  in 
practice  than  accelerator  testing;  all-optical  tech¬ 
niques  possess  inherently  higher  temporal  resolu¬ 
tions  than  those  utilizing  electronic  detection  meth¬ 
ods;  and  because  the  laser  technique  readily  pro¬ 
vides  spatial  information  that  is  difficult  to  extract 
from  ion  experiments.  The  data  of  figures  3  and  4 
illustrate  the  fundamental  utility  of  picosecond 
laser  techniques  for  investigating  the  charge- 
collection  process.  There  are,  however,  fundamental 
differences  in  both  the  mechanisms  of  charge 
production,  and  the  initial  distribution  of  carriers 
produced  by  optical  pulses  and  energetic  ions  that 
should  be  noted.  For  the  4  He  ions  of  this  study,  the 
initial  radial  distribution  of  carriers  is  significantly 
smaller  than  that  produced  by  a  laser  pulse  (~0.1 
pm  comapred  to  ~2  pm  diameter  [21]),  and  the 
charge  column  created  by  the  ion  penetrates  deep 
(~5  pm)  into  the  substrate  [21].  Therefore,  subtle 
(and  possibly  some  not-so-subtle)  differences 
between  the  ion-  and  laser-induced  charge  collection 
transients  are  expected.  It  is  evident  that  the 
optical-  and  ion-excited  transients  of  figure  3  are 
not  identical.  We  note  first  that  the  two  transients 
were  obtained  for  different  devices  under  slightly 
different  bias  conditions.  The  most  evident 
difference  between  the  two,  the  “ringing”  frequen¬ 


cy,  therefore,  is  not  expected  to  be  identical.  Since 
this  ringing  tends  to  dominate  the  transients,  the 
observation  of  the  more  subtle  differences  associat¬ 
ed  with  the  initial  carrier  distribution  will  require 
more  work. 

In  figure  5  we  show  some  preliminary 
measurements  of  the  ion-  induced  (2.0  MeV  4He) 
drain  transients  as  a  function  of  temperature.  These 
measurements  were  performed  on  a  1.2  x  50  pm 
depletion  mode  device  packaged  in  the  same 
manner  as  the  previous  results  but,  in  this  case, 
care  was  taken  to  minimize  bond  wire  lengths. 
While  some  ringing  is  still  evident  in  this  data  set, 
its  amplitude  is  significantly  reduced  over  that  in 
the  previous  figures.  As  in  the  previous  figures,  the 
device  was  operated  in  a  pinched-off  condition  with 
the  gate  and  drain  biased  at  —1.45  V  and  2.0  V, 
respectively;  temperatures  are  in  degrees  Celsius. 

Measurements  of  the  charge-collection  transient 
as  a  function  of  temperature  were  initiated  for 
three  reasons.  First,  it  was  anticipated  that 
temperature-dependent  changes  in  the  detailed 
shape  of  the  transients  would  provide  insight  into 
the  mechanisms  of  charge  collection.  In  addition, 
since  microelectronic  circuits  must  operate  in  a 
wide  variety  of  environments,  it  is  of  fundamental 
importance  to  determine  the  effects  of  temperature 
on  the  charge  collection  transients.  And  finally,  a 
recent  observation  [20]  that  radiation  damage  in 
GaAs  is  significantly  reduced  in  the  temperature 
range  of  80-100  C”  suggests  that  it  might  be 
possible  to  perform  more  detailed  measurements  on 
a  single  device  at  higher  temperatures. 

The  data  of  figure  5  show  that  dramatic 
changes  in  the  charge-collection  waveform  occur  for 
rather  modest  temperature  changes.  The  most 
obvious  observation  is  that  the  charge-collection 
pulse  width  increases  significantly  with  increasing 
temperature.  This  observation  can  be  accounted 
for,  at  least  qualitatively,  in  terms  of  the  decreased 
carrier  mobility  [22]  associated  with  the  increased 
cross  section  for  phonon  scattering  mechanisms  at 
elevated  temperatures.  A  closer  inspection  of  the 
data  of  figure  5  reveals  that  the  detailed  shape  of 
the  charge-collection  transient  is  a  complex  func¬ 
tion  of  temperature,  suggesting  the  possibility  that 
several  different  and  competing  phenomena  are  of 
significance.  A  detailed  investigation  of  these  re¬ 
sults  is  currently  in  progress;  at  this  time  we  will 
limit  our  comments  to  some  preliminary  observa¬ 
tions. 

Each  of  the  transients  of  figure  5  exhibits  a 
contribution  with  an  instrument-limited  rise.  This 
fast  contribution  dominates  the  short-time  charge- 
collection  dynamics  for  the  two  lower  temperatures, 
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and  shows  up  as  a  shoulder  on  the  leading  edge  of 
the  97'  C  trace.  At  higher  temperatures  a  slower 
charge-collection  mechanism  becomes  prevalent, 
with  a  finite  risetime  of  ~75  ps  being  clearly 
evident  in  the  97°  C  data.  This  slower  rise  is 
consistent  with  a  slower  drift  velocity  arising  from 
the  decreased  carrier  mobility  noted  above. 

Also  evident  in  the  data  of  figure  5  is  a  signifi¬ 
cant  increase  in  the  time-integrated  charge  collec¬ 
tion  efficiency  for  times  shorter  than  500  ps.  At  97° 
C  the  charge  collected  within  the  500  ps  temporal 
window  shown  accounts  for  approximately  two- 
thirds  of  the  total  charge  produced  by  the  2.0  MeV 
He  ion.  This  observation  may  indicate  that  charge 
trapped  in  the  semi-insulating  substrate  is  collected 
more  efficiently  at  the  elevated  temperatures,  and 
can  have  a  significant  influence  on  the  SEU  sensi¬ 
tivity  of  circuits  utilizing  GaAs  MESFETs  similar 
to  those  of  this  study. 

As  a  final  point  we  note  that  displacement 
damage  effects  are  significantly  reduced  at  the 
elevated  temperatures,  consistent  with  the  earlier 
study  noted  above  [20].  This  result  is  expected  to 
be  of  significance  in  future  investigations. 

Conclusions 

We  have  presented  some  of  the  first  measurements 
with  picosecond  time  resolution  of  the  current 
transients  produced  in  GaAs  MESFETs  by  energe¬ 
tic  ions.  The  transients  produced  by  4He  irradia¬ 
tion  reveal  complex  temporal  waveforms  that  are 
indicative  of  charge  collection  involving  several 
different  phenomena.  This  is  especially  evident  in 
the  temperature-dependent  measurements  which 
reveal  an  instrument-limited  contribution  that 
appears  to  be  independent  of  temperature,  followed 
by  a  slower  component  whose  dynamics  and  rela¬ 
tive  amplitude  vary  significantly  with  temperature. 

We  have  observed  rather  significant  effects  of 
permanent  radiation  damage  on  the  picosecond 
charge-collection  dynamics.  The  effect  of  radiation 
exposure  is  to  increase  the  decay  rates  of  the 
various  dynamical  contributions,  consistent  with 
the  production  of  recombination  centers  that  reduce 
carrier  lifetimes.  Radiation-damage  effects  greatly 
complicate,  and  in  some  cases  render  impossible, 
the  measurement  of  ion-induced  transients  in  these 
devices. 

Charge-collection  measurements  performed 
with  above-band-gap  picosecond  laser  irradiation 
are  shown  to  reproduce  the  essential  characteristics 
of  the  ior.  induced  transients  for  th"r°  devices,  thus 
providing  a  viable  alternative  to  the  use  of  heavy 
ions  for  characteriz.i  ’  m  of  the  charge-collection 


dynamics  in  semiconductor  devices.  Future  measure¬ 
ments  utilizing  optical  techniques  will  permit  a 
more  detailed  investigation  of  charge-collection 
dynamics  in  these  devices  than  would  be  possible 
with  heavy  ion  irradiation. 


The  optical  experiments  of  this  study  were 
performed  in  the  laboratories  of  Prof.  Chi  H.  Lee  at 
the  University  of  Maryland,  College  Park,  and 
Professor  Ray  Chen  of  the  University  of  Maryland, 
Baltimore  County.  The  authors  thank  the  various 
individuals  in  these  two  laboratories  for  their 
assistance. 
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Abstract 

We  present  transient  simulations  of  small  GaAs 
MESFETs.  Transient  switching  oscillation  exhibit  a 
strong  peak  in  the  frequency  domain  which  is  modified 
by  quantum  effects. 


Introduction 

Since  the  advent  of  the  integrated  circuits  in  the  late 
1950’s,  the  number  of  devices  contained  on  a  single 
chip  has  approximately  doubled  every  three  years  and 
this  process  has  caused  semiconductor  devices  to  be 
made  smaller  and  smaller.  However,  little  is 
understood  about  the  physical  limitations  that  will 
determine  whether  or  not  these  devices  are  practical. 
These  questions  have  opened  a  new  field  for 
semiconductor  research  and  technology  in  which  a  great 
opportunity  is  provided  to  study  many  new  physical 
phenomena,  some  of  which  have  been  described  in  [1- 
4],  and  exploring  a  new  generation  of  device  structures 
and  system  architectures  for  the  potential  application  of 
Ultra  Large  Scale  Integrated  (ULSI)  system  in  the  near 
future. 

The  physical  effects  inherent  in  the  operation  of  the 
ultra-small  devices  (which  have  been  observed  and 
which  have  the  promise  to  be  observed)  are  based  on 
the  fact  that  the  critical  length  (e.g.  the  gate  length  or  the 
depletion  length)  becomes  so  small  that  it  approaches 
the  coherence  length  of  the  electrons  that  provide  the 
operation,  which  suggests  that  such  small  devices  must 
be  treated  as  quantum  mechanical  objects.  The 
coherence  length,  or  the  inelastic  mean  free  path,  can 
be  more  than  1  pm  at  low  temperature  and  as  much  as 
0. 1  pm  at  room  temperature  in  high  quality 
heterojunction  device  structures.  This  is  much  larger 
than  the  gate  length  (~20nm)  of  the  smallest  transistor 
that  can  be  made  [5,6].  Due  to  the  quantum  interference 
within  the  devices  as  well  as  between  the  devices,  these 
physical  effects  may  greatly  modify  the  operation  of  a 
single  device  as  well  as  an  integrated  circuit.  It  is  very 


important  to  fully  understand  these  effects  on  the  device 
and  circuit  operations. 

The  classical  semiconductor  transport  theory  is  based 
on  Boltzmann  transport  equation  (BTE).  Numerous 
analytical  and  numerical  methods  have  been  developed 
for  solving  this  equation  on  various  semiconductor 
problems.  Among  which,  Monte  Carlo  method 
provides  most  accurate  and  detailed  solution  but  is 
hardly  used  in  practical  engineering  applications.for  its 
computational  expenses.  As  a  practical  alternative,  a 
reduced  description  of  the  BTE,  the  moment  equations, 
especially  the  drift-diffusion  model,  has  played  a 
significant  role  in  the  evolution  of  IC  technology, 
providing  critical  insight  into  device  scaling,  leading  to 
the  VLSI.  Simulators  continue  to  be  applied  in  the 
analysis  of  new  device  concepts  and  have  become  an 
essential  component  of  the  technology  design  process. 
As  device  feature  sizes  reduce  to  submicron  regime, 
device  simulation  faces  new  challenge.  Simple  drift- 
diffusion  model  is  no  longer  adequate,  instead  a  full 
hydrodynamic  model  must  be  used  to  investigate  non¬ 
stationary  and  hot  electron  dynamics,  which  allows  the 
distinction  of  the  momentum  and  energy  relaxation 
times.  As  scaling  continues  to  ultra-submicron  realm  (< 
0.1  pm),  quantum  transport  method  becomes 
necessary. 

We  have  performed  a  simulation  of  an  ultra-small 
GaAs  MESFET  device,  using  a  set  of  quantum  moment 
equations  developed  from  density  matrix  (Wigner 
function)  prototype  [7],  In  this  paper,  we  examine  the 
transient  (picosecond)  response  of  such  devices  to 
ascertain  the  effect  that  the  non-local  quantum  potential 
has  on  the  switching  behavior.  Interesting  time- 
dependent  current  oscillation  behavior  has  been 
observed  when  a  step  voltage  is  applied  to  an  initial 
steady  state. 

Quantum  moment  equations 

The  detailed  treatment  of  the  quantum  moment  equation 
is  described  in  elsewhere.  Here  we  only  give  a  short 
summary.  In  principle,  large-scale  devices  can  be 
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modeled  classically,  with  an  accurate  description  given 
by  the  Boltzmann  transport  equation  (BTE).  This 
equation  time-evolves  a  complete  single-particle  phase 
space  distribution.  However,  the  accurate  simulation  of 
ultra-small  devices  requires  quantum  effects  such  as 
tunneling  and  quantum  repulsion  (complementary  to 
barrier  penetration)  to  be  included.  A  full  quantum 
description,  at  the  single  particle  level,  can  be  based  on 
the  Wigner  distribution  function,  a  transformation  of  the 
density  matrix  which  is  a  natural  generation  of  the 
classical  phase  space  distribution  function.  Its  time 
evolution  equation  derived  from  Schodingcr  equation  or 
Liouville  equation  has  similar  form  as  that  of  the  BTE, 
but  with  quantum  corrections  build  in  by  including 
static  potential  into  the  equation  non-locally.  The 
Wigner  distribution  function  has  been  successfully  used 
in  simulation  of  resonant  tunneling  diode  in  one 
dimension  [8,9],  but  it  is  not  expected  to  be  directly 
used  for  multi-dimensional  device  simulation  for  its 
expenses  in  memory  storage  and  computation  time.  For 
a  device  simulation  with  a  higher  dimensional 
description,  the  practical  alternative  is  the  reduced 
description  of  the  Wigner  distribution  function,  i.e,  its 
moments,  which  are  very  useful  because  the  lowest 
several  moments  represent  the  basic  physical  quantities 
such  as  density,  momentum  and  energy  of  a  physical 
system.  The  equations  of  motion  of  the  distribution 
functions  then  results  in  the  moment  equations, 
following  the  same  procedure  as  that  for  the  classical 
BTE.  However,  the  lowest  three  moment  equations  are 
formally  identical  to  their  classical  analogue  under  the 
relaxation  time  approximation  and  do  not  contain 
explicit  quantum  corrections,  as  they  are  expected.  The 
key  step  to  preserve  quantum  corrections  in  the  lowest 
three  moment  equations  relies  on  the  method  in 
decoupling  these  equations  from  higher  oder  moment 
equations.  In  order  to  get  explicit  quantum  corrections 
into  the  moment  equations,  several  different  method 
have  been  proposed  [10].  Based  on  the  quantum 
representation  of  the  second  moments  <p2>  [11],  we 
explicitly  incorporate  the  quantum  corrections  through 
the  energy  representation 

w  =  jmv2  +  \  kBT  +  Uq,  (1) 

where 

uq v2,n<n>-  <2) 

and  developed  a  set  of  quantum  moment  equations  with 
temperature  representation 


+  V.(nv)  =  0,  (3) 

W  +  v#Vv  =  -  ^  ^BTq)  - 

Tm 


f +  lv.V(Tq)  =  -|v.(vTq)  + 

my2  2  _  J_.  _  T-Tp 

3kB  Tm  TW  TW  ’ 


using  a  convenient  notation 


T9-T  +  3feuq-  (6) 


This  set  of  equations  preserves  all  classical  features 
except  the  heat  flow  property  (it  may  be  added  in),  and 
gives  explicit  quantum  corrections. 

Transient  simulation  of  ultra-small  MESFET 

All  the  results  we  present  here  are  for  a  MESFET  device 
with  24  nm  gatelength.  The  typical  doping  in  the 
channel  is  1.5x10^°  cm'3,  and  a  semi-insulating 
substrate  is  included.  The  lattice  temperature  is  taken  to 
be  300  K.  The  transient  simulation  starts  from  an  initial 
steady  state.  The  simulation  time  step  of  0.5  fsec  is 
found  to  be  suitable.  Figure  1  plots  the  switching 
currents  for  an  initial  increase  and  then  decrease  in  the 
magnitude  of  the  drain  potential.  Both  source  and  drain 
currents  are  shown,  with  the  difference  corresponding 
to  the  substrate  current.  In  the  initial  steady  state,  the 
gate  voltage  Vg  is  -0.5  V  and  the  drain  voltage  Vd  is 
0.5  V.  The  simulation  begins  with  the  applied  voltages 
stepped  to  Vg  =  0  V  and  Vd  =  2.5  V.  The  time  interval 
between  the  first  voltage  step  to  the  second  voltage  step 
(Vd  =  2.0  V)  is  17.5  psec,  and  the  other  time  intervals 
between  the  applied  step  voltages  are  7.5  psec. 
Extensive  ringing  in  the  response  is  obvious,  which 
promotes  the  further  investigation  of  the  oscillation 
property.  The  stability  of  the  simulation  has  been 
carefully  checked  to  identify  whether  the  current 
oscillations  are  numerical  or  physical.  This  includes  the 
change  of  mesh  sizes,  time  step,  doping  density  and 


Time  (psec.) 


(4) 


Figure  1 .  Plot  of  transient  current  of  source 
(dashed  line)  and  drain  (solid  line). 
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total  simulation  area  of  the  device  (e.g.,  to  increase  the 
simulation  area  by  extending  the  source  and  drain 
contacts).  Fig.  2  shows  that  simulations  with  different 
mesh  sizes  (3  nm  (120x35  grids)  and  1.5  nm  (240x70 
grids)]  are  found  to  match  very  well,  both  during  the 
oscillations  and  in  the  steady-state.  Change  of  time  step 
give  the  same  results.  Furthermore,  simulation  of 
larger  area  devices  didn’t  show  down-shift  of  the 
oscillation  frequency  peak,  which  excludes  the 
possibility  of  numerical  boundary  reflection. 

The  oscillations  do,  however,  depend  upon  the 
density  in  the  device.  Figure  3  shows  the  Fourier 
transform  of  the  current  for  different  doping  levels,  the 
three  frequency  peaks  correspond  to  3x10 18  cm"  3, 
1. 5x10*8  cm'3  and  5x10*7  cm"3  dopings  from  higher 
frequency  to  lower  frequency.  For  comparison,  the 
amplitudes  are  multiplied  by  100  and  3  for  dopings 
5x10*7  cm-3  and  1.5x10*8  cm"3  respectively.  The 


Figure  2.  Switch  current  vs  time  plot  for 
simulations  with  120x35  grids  (solid  line)  and 
240x70  grids  (dashed  line).  The  two  curves 
match  very  well. 


Figure  3.  Fourier  transform  of  the  currents  for 
different  doping  levels.  The  three  frequency 
peaks  correspond  to  3x10*8  cm"  3,  1.5x10*8 
cm'3  and  5x10*7  cm-3  dopings  from  higher 
frequency  to  lower  frequency,  clearly  showing 
the  density  dependence  of  the  oscillation. 


Figure  4.  Oscillation  frequency  vs  electron 
density  plot,  the  solid  line  represents  the  peak 
frequencies  from  the  simulation,  while  the 
dashed  line  describe  a  simple  square-root  lav  . 

oscillation  amplitude  increases  as  the  doping  increase 
according  to  the  simulation.  Strong  frequency  peaks 
occur  around  500  GFIz.  The  results  clearly  show  that 
the  frequency  peaks  largely  depend  on  the  electron 
density  in  the  device  and,  as  the  density  decreases,  the 
peak  shifts  to  lower  frequency.  These  results  suggest 
that  the  current  oscillation  are  physical.  The  density 
dependence  of  the  peak  frequency  implies  that  the 
oscillation  response  is  related  to  the  quasi-ballistic  and 
plasma  response  of  the  free  carriers  in  the  channel. 
While  the  peak  frequencies  in  the  curves  of  Fig.  3 
change  with  the  density,  this  does  not  follow  a  simple 
square-root  law.  In  Fig.4,  we  plot  the  oscillation 
frequency  against  the  log  density,  the  solid  line  is  the 
results  of  the  simulation  and  the  dashed  line  is  the 
simple  square-root  law.  It  turns  out  that  the  oscillation 
is  closer  to  the  square-root  law  at  lower  densities  but  far 
from  the  square-root  law  at  high  densities  This  implies 
that  the  response  is  not  simply  a  plasma  oscillation,  but 
that  the  ballistic  response  and  inhomogeneity  and 
dimensional  modifications  of  the  plasma  response  are 
involved. 

Furthermore,  with  the  doping  of  the  device  fixed,  the 
change  of  the  gate  potential  will  actually  modulate  the 
electron  density  in  the  conduction  channel  of  the  device. 
We  would  then  expect  the  same  behavior  on  the  shifts 
of  the  frequency  peaks  as  we  switch  the  gate  voltage 
corresponding  to  the  increase  or  decrease  of  the  electron 
density  in  the  channel.  Fig.  5  illustrates  two  switching 
processes  of  the  gate  voltage,  the  solid  curve  results 

from  the  switching  process  Vg  =  -0.0  V  -*  -0.5  V  -»  - 
1.0  — >  -1.5  V,  and  the  dashed  curve  is  with  a  reverse 

process  Vg  =  -1.5  V  -»  -1.0  V  — >  -0.5  — >  -0.0  V.  Both 
processes  give  higher  oscillation  frequency  with  smaller 
gate  voltages,  which  correspond  to  higher  electron 
density  in  the  conduction  channel  of  the  device.  It  is 
also  clear  that  the  steady-state  currents  agree  very  well 
as  gate  voltage  is  switched  to  the  same  bias  from 
opposite  directions.  And  it  needs  a  longer  time  to  reach 
steady  state  for  smaller  gate  voltage.  This  means  a 
larger  oscillation  amplitude,  a  property  also  similar  to 
that  found  for  higher  doping  level.  Fig.  6  plots  the 
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Fourier  transform  of  the  currents  of  the  switch 
responses  in  the  process  represented  by  the  solid  curve 
in  Fig.  5.  As  gate  voltage  increases,  the  frequency  peak 
shifts  downwards  and  the  amplitude  is  also  reduced,  as 
one  expected.  A  comparison  of  the  difference  between 
switch  conditions  for  die  same  final  bias  state  is  made  in 
Fig.  7,  where  the  final  gate  voltage  is  -1.0  V,  the  solid 
curve  is  for  the  switching  from  Vg  =  -1.5  V  to  -1.0  V, 
and  the  dashed  curve  is  for  the  switching  from  Vg  =  - 
0.5  V  to  - 1 .0  V.  The  oscillation  properties  for  the  two 
cases  are  essentially  the  same,  except  the  difference 
between  the  amplitudes  that  accounts  for  the  effect  of 
the  different  switching  process  on  the  response  at  the 
beginning. 

In  the  simulation,  it  is  very  convenient  to  investigate 
the  quantum  effect  on  the  oscillation,  as  one  can  ‘turn 
off  the  quantum  corrections.  In  Fig.  8,  the  difference 
with,  and  without,  the  quantum  potential  terms  is 


Figure  5.  Current  response  for  different  gate 
voltages  with  drain  voltage  fixed  to  2.0  V. 
Here.the  solid  curve  describes  the  process  of 
increase  of  the  gate  voltage,  while  the  dashed 
curve  is  for  the  process  of  decreasing  gate 
voltage. 


0.0  0.2  0.4  0.6  0.8  1.0 

Frequency  (THz) 

Figure  6.  Fourier  spectrums  of  the  current 
response  for  different  gate  voltages  for  a  single 
doping  level  (1.5x10^°  cm‘3)  as  the  switching 

Vg  =  -0.0  V  ->  -0.5  V  ->  -1.0  ->  -1.5  V  is 
taken. 


shown  for  the  Fourier  spectrum  at  Vtf  =  2.5  V  (Vg  is 
switched  from  -0.5  to  0  as  Vd  is  switched  on).  The 
presence  of  the  quantum  correction  reduces  the  peak  of 
the  spectrum,  which  is  indicative  of  softening  of  the 
potential  steps  in  time  and  space,  an  expected  quantum 
result.  The  lower  microwave  response  is  thought  to  be 
due  to  the  effect  of  quantum  potential  smoothing  the 
general  potential  variation  and  therefore  lowering  the 
effect  of  gate  charge  control. 

Conclusion 

We  have  performed  a  simulation  of  an  ultra-small  GaAs 
MESFET  device,  using  a  set  of  quantum  moment 
equations.  Interesting  time-dependent  current 
oscillation  behavior  has  been  observed  when  a  step 
voltage  is  applied  to  an  initial  steady  state.  Detailed 
investigation  of  the  current  oscillation  in  the  time 
domain  reveals  a  density  dependence  of  the  oscillation 
frequency,  which  suggests  that  the  oscillations  are 


Figure  7.  Fourier  spectrum  of  current  for 
opposite  switching  directions  for  the  same  final 
gate  voltage  Vg  =  -1.0  V.  The  switches  are 
from  Vg  =  -1.5  V  to  -1.0  V  for  the  solid  line 
and  from  Vg  =  -0.5  V  to  -1.0  V  for  the  dashed 
line. 


Frequency  (THz) 


Figure  8.  Comparison  of  the  response  with 
(solid  curve)  and  without  (dashed  curve)  the 
quantum  correction  terms  in  the  simulation. 
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related  to  the  quasi-ballistic  and  plasma  response  of  the 
free  carriers  in  the  channel.  The  effect  of  the  non-local 
quantum  potential  on  the  switching  behavior  implies  the 
softening  of  the  potential  barriers  in  time  and  space  and 
lowering  the  effect  of  the  gate  in  charge  control. 

Acknowledgments 

This  work  was  supported  in  pan  by  the  Army  Research 
Office. 

*A.  M.  Kriman  is  currently  at  the  Department  of 
Electrical  Engineering,  SUNY,  Buffalo,  N.Y.. 

References 

1 .  D.  K.  Ferry,  “Lateral  surface  superlattice  and  the 
future  of  ULSI  microelectronics,”  in  Granular 
Nanoelectronics,  Ed.  by  D.  K.  Ferry,  J.  R.  Barker, 
and  C.  Jacoboni  (Plenum,  New  York,  1991). 

2.  G.  Baccarani,  M.  R.  Wordeman,  and  R.  H. 
Dennard,  “Generalized  scaling  theory  and  its 
application  to  a  1/4  micrometer  MOSFET  design,” 
IEEE  Trans.  Electron  Dev.  3L  452  (1984). 

3.  J.  R.  Barker,  and  D.  K.  Ferry,  “On  the  physics  and 
modeling  of  small  semiconductor  devices-I,”  Solid- 
State  Electron.  23,  519  (1980). 

4.  J.  R.  Barker,  and  D.  K.  Ferry,  “On  the  physics  and 


modeling  of  small  semiconductor  devices-11,” 
Solid-State  Electron.  TL.  531  (1980). 

5.  J.  Han,  D.  K.  Ferry,  and  P.  Newman,  “Ultra¬ 
submicron  gate  AlGaAs/GaAs  HEMTs,”  IEEE 
Electron  Dev.  Lett.  1_L  209  (1990). 

6.  A.  Ishibash,  K.  Funato,  and  Y.  Mori, 
“Heterointerface  field  effect  transistor  with  200  A- 
long  gate,”  Jpn.  J.  Appl.  Physics  TL  2382  (1988). 

7.  G.  J.  Iafrate,  H.  L.  Grubin,  and  D.  K.  Ferry, 
“Utilization  of  quantum  distribution  functions  for 
ultra-submicron  device  transport,”  J.  Physique 
(Colloq.  C-10)  42,  307  (1981). 

8.  N.  C.  Kluksdahl,  A.  M.  Kriman,  D.  K.  Ferry,  and 
C.  Ringhofer,  “Self-consistent  study  of  the 
resonant-tunneling  diode,”  Phys.  Rev.  B  23,  7720 
(1989). 

9.  W.  R.  Frensley,  “Wigner-function  model  of  a 
resonant-tunneling  semiconductor  device,”  Phys. 
Rev.  B  2S,  1570  (1987). 

10.  J.  Zhou,  A.  M.  Kriman  and  D.  K.  Ferry,  “The 
conditions  of  device  simulation  using  full 
hydrodynamic  equations,”  in  Computational 
Electronics,  Ed.  by  K.  Hess,  J.  P.  Leburton,  and 
U.  Ravaioli  (Kluwer  Academic  Publishers,  Boston, 
1991). 

11.  H.  L.  Grubin,  and  J.  P.  Kreskovsky,  “Quantum 
moment  balance  equations  and  resonant  tunneling 
structures,”  Sol. -State  Electron.  i2,  1071  (1989). 


Theoretical  Model  of  the  Photon  Transport 
Transistor 


A.  K.  Chu,  Y.  Gigase,  and  B.  Van  Zeghbroeck 

Electrical  and  Computer  Engineering  Department,  and  the  Optoelectronic 
Computing  Systems  Center,  University  of  Colorado, 

Boulder,  Colorado  80309-0425 


Abstract 

A  theoretical  model  for  the  photon  transport  transistor 
(P.T.T.)  is  developed,  based  on  a  set  of  rate  equations. 
With  this  model  the  small  signal  differential  current 
gain  p  (  P  =  d/c/d/B)  is  calculated  and  compared  with 
measurement  results.  Our  model  confirms  that  the 
differential  current  gain  is  dominated  at  low  carrier 
densities  by  the  spontaneous  emission.  It  then 
decreases  once  stimulated  emission  becomes  dominant 
and  finally  collapses  to  a  small  value  at  the  lasing 
threshold  carrier  densitiy.  We  were  able  to  quantify  the 
non-radiative  carrier  recombination  lifetime,  which  for 
our  experimental  results  was  found  to  be  300  ns,  and 
the  scattering  loss  in  the  waveguide,  which  amounts  to 
2.7cm  1  for  an  assumed  total  waveguide  loss  of  5cm  1 

Introduction 

Nowadays  the  optical  telecommunication  systems  and 
high-  speed  optical  data  transmission  between  digital 
computers  have  become  increasingly  important. 
Interfacing  optical  and  electrical  signals  made  the 
study  of  optoelectronic  devices  important.  Recent 
activities  focus  on  improving  the  existing 
optoelectronic  devices  and  circuits  as  well  as 
developing  new  optoelectronic  structures.  However, 
the  technological  difficulties  in  optoelectronic 
integration  have  not  been  overcome  completely, 
although  successful  demonstrations  were  reported  (1], 
[2|.  Recently  a  novel  optoelectronic  device  was 
presented,  namely  the  photon  transport  transistor  [3], 


This  paper  describes  a  theoretical  model  for  this 
device,  which  consists  of  a  GaAs/AlGaAs  GRINSCH 
single  quantum  well  ridge  laser  diode  integrated  on  top 
of  an  N-i-p  photodiode  (figure  1(a)).  This  structure 
results  in  a  tight  optical  coupling  between  the  light 
emitter  and  the  photodiode. 

The  device  was  named  a  'transistor'  since  it  has  both 
current  and  voltage  gain,  it  has  isolation  between  the 
input  and  the  output  electrodes,  and  it  is  capable  of 
inverting  an  electrical  signal.  In  this  device,  photons 
rather  than  minority  carriers  transit  the  base  region. 
The  device  does  not  exhibit  the  Early  effect  and  the 
thickness  of  the  base  region  does  not  affect  the 
performances.  Experimental  devices  show  a  current 
gain  of  4  and  a  voltage  gain  of  10,000. 

By  forward  biasing  the  photodiode,  this  device  acts 
as  a  solar  cell  and  converts  the  spontaneous  emitted 
photons  of  the  laser  diode  into  electrical  power,  This 
photon  recycling  results  in  a  42%  reduction  of  the 
threshold  pump  power  of  the  laser  diode  [4], 

An  analysis  of  the  PTT  must  focus  on  the  behavior 
of  the  carriers  in  the  light  emitting  region,  on  the 
generation  of  the  photons  and  on  the  absorption  or 
scattering  of  those  photons  last  ones  as  they  propagate 
to  the  photodiode. 

As  a  starting  point  for  our  calculation  we  propose  a 
set  of  rate  equations.  The  steady-state  solutions  of  this 
set  is  then  used  to  calculate  the  terminal  currents 
(IVJC  and  /B),  and  the  current  gain  p.  Some  important 
parameters  such  as  the  scattering  loss  of  the 
waveguide  a,  and  the  non-radiative  carrier 
recombination  lifetime  Tnr  can  be  extracted  from  the 
model. by  comparison  with  experimental  results. 
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Figure  1(a).  Physical  structure  of  the  photon 
transport  transistor,  (b).  Definition  of  the  angle 
coordinates. 

Rate  Equation  Model  of  the  PTT 

According  to  their  direction  of  emission,  the 
photons  will  have  a  different  effect  on  the  device.  If 
the  photons  propagate  away  from  the  plane  of  the 
active  layer  they  will  end  up  in  the  photodiode, 
eventally  after  being  reflected  at  the  top  metal.  Some 
of  these  photons  are  absorbed  at  the  metal  or  in  the 
different  layers.  Those  are  lost  for  the  transistor.  If  the 
photons  propagate  within  the  confining  layer  structure 
but  away  from  the  active  region,  they  will  induce 
some  stimulated  emission.  Due  to  the  presence  of  the 
absorbing  QW-layer  we  assume  that  all  these  photons 
are  eventually  absorbed  and  thus,  also  lost  for  the 
transistor.  If  the  photons  propagate  in  the  waveguide 
they  will  induce  stimulated  emission  and  eventually 
lasing  action.  Normally  all  these  photons  are  also  lost 
for  the  transistor  action  but  we  assume  that  a  fraction 


of  these  photons  scatter  out  of  the  waveguide  region 
and  are  then  detected  by  the  photodiode. 

In  the  analysis  we  consider  three  independent 
variables:  the  carrier  density  in  the  active  region  (i.e. 
the  Q.W.),  the  carrier  density  in  the  photodiode  and 
the  photon  density  in  the  lasing  mode. 

Below  lasing  threshold,  spontaneously  emitted 
photons  are  assumed  to  be  propagating  in  random 
directions.  The  fraction  of  those  photons,  which  are 
confined  within  the  laser  cavity,  is  characterized  by  px: 


'  47cW,c.A*.sp 


where  T  ,  Vta  and  AXsp  are  the  optical  confinement 
factor,  the  active  layer  volume  and  FWHM  of  the 
spontaneous  emission  spectrum,  respectively.  The 
optical  confinement  factor  T  is  equal  to  the  overlap 
integral  of  the  optical  mode  profile  with  the  carrier 
density  in  the  Q.W.  and  is  typically  T  =  0.02-0.04.  The 
fraction  of  photons  leaving  the  laser  cavity  are 
characterized  by  Pz  and  py  and  are  determined  from 
the  Brewster  angles  03  and  Yb,  *n  tbe  vertical  and 
lateral  directions.  The  angles  0  and  \|/  are  defined  in 
Figure  1(b)  The  photon  fraction  py  is  amplified 
through  stimulated  emission  while  leaving  the  active 
region.  The  average  optical  gain  of  theses  photons  is 
given  by: 


<g>  =  ~ 

2Vb 


where  G  is  the  optical  gain  per  unit  length  and  Vg  is 
Brewster  angle  in  the  lateral  direction. 

The  waveguide  losses  are  split  up  into  the 
absorption  of  photons  within  the  waveguide  and  the 
scattering  of  photons  from  the  waveguide  into  the 
underlaying  photodiode  as  follows: 

a,  =  otg  +  as,  (3) 

where  aa  and  as  are  the  absorption  and  scattering 
factors  per  unit,  length. 

The  operation  of  the  photon  transport  transistor  can 
be  described  by  a  following  set  of  rate  equations  [5 1. 


-(Px+<S>Py+Pz)R(NL)-vgrrG(NL.SL)SL 
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dS,  -Si  2 

-5-  -  — +f}xBNL-Vgrre(NL,SL)SL  (4b) 


dND  Jc  2 

=  "  ~  +Pz"®  ^L+Tl',,grcts^L  (4c) 


E„  N  /Nr  N.  /Nv 

VL  =  -f  ♦V’Tln[(e  L  -lXe  L  V  -1)]  +/e.  L.  W.  Res  (4d) 


The  symbols  used  in  these  equations  and  typical  values 
of  the  device  parameters  and  material  constants  are 
listed  in  Table  1,  Table  2  and  Table  3.  Equations  (4a) 
and  (4b)  describe  the  rate  of  change  of  the  carrier 
density  NL(cnr2)  and  photon  density  SL(cnr2)  in  the 
laser  diode.  We  included  spectral  hole  burning  (SHB) 
which  reduces  the  optical  gain  by  a  factor  (l-eSL) 
where  e  characterizes  the  SHB  [6].  The  optical  gain  of 
the  laser  diode  is  given  by  [7], 

G(Nl,Sl)  =  A(NL-Ntr-5sat.N^)(l-eSL)  (5a) 

Nu  is  the  transparency  carrier  density  and  8sat  is  the 

second  order  gain  saturation  constant.  In  our  model  we 
assume  that  the  carrier  recombination  rate  equals: 

R(NL>  =  ri+BN?.  (5b) 

where  tnr  is  the  non-radiative  time  constant  and  B  is 
the  bimolecular  recombination  constant.  The  photon 
lifetime  inside  the  cavity  is  determined  by  the 
reflectivity  ( R )  of  the  facets,  the  total  waveguide  loss 
(atj  and  the  length  of  the  cavity  (L)  in  the  following 
way: 

—  =vgr(at  +  ^.ln(^))  (5c) 

Equation  (4c)  states  that  the  carriers  (ND)  generated  or 
removed  in  the  photodiode  come  from  three  sources. 
The  last  two  terms  in  equation  (4c)  are  due  to  the 
absorption  of  spontaneously  emitted  photons  in  the  z 
direction  and  scattering  loss  from  the  laser  diode. 
Owing  to  the  reflection  at  the  top  surface  metal,  most 
of  the  spontaneously  emitted  and  scattered  photons 
will  be  absorbed  in  the  photodiode.  The  first  term  in 
equation  (4c)  is  due  to  the  photodiode  current.  The 


_ Table  1.  Material  Constants 

Effective  density  of  states 


in  the  conduction  band  : 

Nc 

=  0.72  1012cm-2 

in  the  valence  band  : 

Nv 

=  4.86  1012cnr2 

Bandgap  of  quantum  well : 

=  1.46eV 

Non-radiative  time  constant : 

*nr 

=  300ns 

Bimolecular  recombination 

constant : 

B 

=  5  10s  cm2s*1 

Transparency  carrier  density  : 

N„ 

=  1.6  10,2cnr2 

Second  order  gain  saturation  : 

=  6.5  10l4cm2 

Optical  gain  saturation : 

E 

=  1  1012cm2 

Group  velocity  : 

=  0.75  10>°cms  1 

Thermal  voltage  at  300*  K: 

v-t 

=  25.9  10  3V 

Table  2.  Device  variables 


Current : 

/(A) 

Current  density  : 

J  (Acm  2) 

Carrier  density  in  laser  diode  : 

Nl  (cm-2) 

Carrier  density  in  photodiode  : 

Nd  (cm-2) 

Photon  density  : 

SL  (cm  2) 

Voltage  across  laser  diode  : 

VL(V) 

Spontaneous  recombination  rate  : 

R(Nl)  (cm  2  s  ') 

Optical  gain  : 

G(NL,SL)  (cm  ') 

Waveguide  loss : 

a,  (cm1) 

Spontaneous  emission  coupling  constant 

in  the  x  direction  : 

=  10-4 

in  the  y  direction  : 

pv  =0.17 

in  the  z  direction  : 

pj  =  0.83 

Table  3.  Device  parameters 


Brewster  angle  in  z  direction  : 

=  80.4* 

Brewster  angle  in  y  direction  : 

Yb 

=  89.5* 

Photon  lifetime : 

V 

=  7.2  10'2s 

Optical  confinement  factor : 

r 

=  0.03 

Width  of  the  laser  diode  : 

w 

=  l(>3cm 

Length  of  the  laser  diode  : 

L 

=  7.5  KHcm 

Reflectivity  of  laser  facets  : 

R 

=  0.31 

Effective  absorption  efficiency: 

B 

=  0.91 
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effective  quantum  efficiency  T|  in  equation  (4c) 
includes  the  effects  of  both  the  reflection  at  the  top 
surface  metal  and  the  absorption  in  the  photodiode. 
Equation  (4d)  relates  the  voltage  (VL)  across  the  laser 
diode  to  the  carrier  density  (NL)  in  the  quantum  well 
(Q.W.)  and  the  emitter  current  density  (Jc).  Reg  is  the 
series  resistor  of  the  laser  diode.  The  lateral  diffusion 
of  the  carriers  is  also  included  in  our  model  by 
changing  the  effective  width  (W)  of  the  laser  diode. 
Finally  we  apply  Kirchoff  s  law: 

Js~Jc+  Jb  (5d) 

By  setting  the  left  hand  side  of  the  equations  (4)  to 
zero,  together  with  equations  (5),  we  can  find  a  set  of 
steady-state  solutions.  The  resulting  D.C.  differential 
current  gain  P  above  lasing  is: 


P  = 


nas 


[(l-r))as+aa+^ln(^)] 


(6) 


A  numeric  solution  of  equations. (1-4)  resulted  in 
figure  2,  which  shows  the  emitter,  base  and  collect 
current  together  with  the  carrier  density  as  a  function 
of  the  base-to-emitter  voltage.  The  onset  of  lasing  can 
easily  be  recognized  as  the  point  at  which  the  carrier 
concentration  and  the  collector  current  become  almost 
independent  of  the  applied  voltage. 

Comparison  with  experimental  results 

Figure  3a.  compares  the  calculated  and  measured 
current  gain  below  and  above  the  lasing  threshold.  At 
low  current  density,  the  current  gain  depends 
primarily  on  the  ratio  between  the  spontaneous 
emission  and  the  non-radiative  recombination. 
Knowing  the  bimolecular  recombination  rate  and 
measuring  the  collector  current  at  which  P  =1,  one 
can  obtain  the  non-radiative  time  constant  from: 


fih  1 

Tnr  V  B7c  2(2t)|3z-1) 


(7) 


The  experimental  value  obtained  is  Tnr  =  300  ns. 
Figure  3b.  shows  the  calculated  gain  curve  for 
different  non-radiative  time  constants.  The  figure 
illustrates  the  sensitivity  of  the  gain  curve  to  the 
non-radiative  time  constant.  (Note  that  the  horizontal 
scale  is  logarithmic).  Therefore  we  can  use  the  gain 
measurement  to  accurately  determine  the  non- 


VbeIM 

Figure  2  Calculated  Gummel  plot  showing  the  emitter, 
base  and  collector  current  as  well  as  the  carrier  density 
per  unit  area  versus  the  base-to-emitter  voltage. 


(a) 


(b) 

Figure  3(a).  Comparison  between  the  calaulated 
current  gain  with  the  experimental  results,  3(b). 
Current  gain  versus  base  current  for  different  values  of 
the  non-radiative  lifetime. 
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radiative  time  constant  of  the  laser.  No  other  method 
can  provide  Tnt  of  a  laser  diode  with  the  same  ease 
and  accuracy. 

For  intermediate  current  densities  we  observe  the 
gain  to  decreases  with  increasing  pumping  current. 
This  is  caused  by  increased  stimulated  emission  of 
photons  which  remain  confined  within  the  guiding 
layers  of  the  laser  structure  and  are  not  coupled  into 
the  photodiode.  Since  these  photons  are  caused  by  an 
increased  emittor  current,  but  do  not  contribute  to  the 
collector  current  this  effect  reduces  the  observed 
current  gain.  The  fraction  of  photons  lost  in  the  lateral 
direction  is  determined  in  our  model  by  the  Brewster 
angle  \yB.  Assuming  a  step  index  waveguide  one 
obtains  a  Brewster  angle  of  85’.  The  actual  value  we 
used  to  fit  the  experimental  data  was  89.5". Part  of  this 
discrepancy  can  be  explained  by  the  inaccuracy  of  the 
step-index  waveguide  assumption  and  by  the 
neglection  of  carrier  induced  index  changes  in  the 
active  region.  The  correspondence  between 
simulation  and  experiments  does  confirm  that 
stimulated  emission  causes  the  current  gain  reduction 
with  increasing  current  at  intermediate  current 
densities. 

At  and  above  the  lasing  threshold  current,  the  carrier 
density  becomes  almost  constant  so  that  the  coupling 
of  spontaneously  emitted  photons  into  the  photodiode 
does  not  contribute  to  the  current  gain.  The  residual 
gain  (s  0.16)  above  threshold  is  due  to  the  absorption 
of  the  scattered  photons  in  the  photodiode.  By 
matching  the  calculated  residual  gain  with  the 
measured  value,  we  can  determine  the  scattering  loss 
(as  =  2.7  cm1)  of  the  laser  waveguide  using  an 
effective  absorption  efficiency  1),  as  used  in  Eq.(6),  of 
91%.  Measurements  reveal  that  the  residual  gain  does 
not  change  significantly  with  increasing  photon 
density.  Therefore  optical  gain  saturation  is  negligible 
in  our  device. 

Conclusions 

In  conclusion,  a  computer  model  has  been  constructed 
to  understand  the  detailed  operation  of  the  photon 
transport  transistor.  We  obtained  good  agreement 
between  the  calculated  and  the  measured  results.  From 
the  first  region  of  the  gain  curve,  a  non-radiative  time 
constant  of  300  ns  is  extracted.  In  the  second  region, 
we  found  that  the  lateral  loss  in  our  device  reduces  the 


current  gain.  By  increasing  the  lateral  confinement, 
one  could  reduce  this  lateral  loss  of  photons  yielding 
an  increased  current  gain  of  the  photon  transistor  and  a 
reduced  threshold  of  the  laser  diode.  The  current  gain 
collapses  at  the  lasing  threshold.  The  residual  gain  is 
due  to  the  scattering  loss  of  the  laser  cavity.  A 
comparison  with  our  model  yields  a  value  of  2.7  era1. 
And  finally,  since  the  residual  gain  does  not  change 
significantly  with  increasing  photon  density,  optical 
gain  saturation  is  negligible  in  our  device. 
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Abstract 

Resonant  tunneling  diodes  (RTD's)  have 
been  monolithically  integrated  with  resistors  to 
form  trigger  circuits.  These  circuits  have  been 
used  to  trigger  signals  at  frequencies  as  high  as 
110  GHz. 

Introduction 

Resonant  tunneling  diodes  (RTD’s)  with 
their  superior  high  frequency  characteristics  are 
attractive  for  high  speed  applications.  As 
RTD's  have  terminal  characteristics  very 
similar  to  the  Esaki  Tunnel  Diode,  current  high 
speed  applications  of  Esaki  Tunnel  Diode  are 
good  targets  for  this  new  tunneling  device.  One 
such  application  is  high  frequency  trigger 
circuits. 

The  principles  of  a  trigger  circuit  have  been 
explained  in  a  paper  by  Arpad  Bama  [1].  A 
device  used  as  a  threshold  detector  must  have 
two  threshold  levels  and  hysteresis.  The 
hysteresis,  which  differentiates  this  circuit  from 
a  limiter  in  which  the  output  is  continuous, 
eliminates  output  fluctuations  due  to  noise 
when  the  input  reaches  the  threshold  level.  This 
type  of  circuit  has  already  been  realized  by 
using  Esaki  tunnel  diodes.  But,  the  frequency 
performance  has  been  limited  to  a  maximum  of 
20  GHz  due  to  the  speed  limitations  of  Esaki 
tunnel  diode. 

RTD’s  have  many  advantages  over  Esaki 
tunnel  diodes.  One  such  advantage  is  speed. 
RTD  pulser-circuits  that  we  have  recently 
fabricated  and  tested  have  been  shown  to  have 


switching  times  as  low  as  6  psec,  whereas 
Esaki  tunnel  diodes  have  switching  times  of 
only  20  psec  [2,3].  Second,  Esaki  tunnel  diode 
pulse  generators  have  a  voltage  swing  that  is 
limited  by  the  bandgap  of  the  material.  The 
voltage  swing  of  the  RTD  pulse  generators  can 
be  easily  changed  by  proper  device  design.  In 
addition,  Esaki  tunnel  diode  circuits  must  be 
built  from  discrete  parts.  We  have  developed  a 
fabrication  process  for  monolithic  RTD 
integrated  circuits.  Therefore,  by  replacing 
Esaki  tunnel  diodes  with  RTD’s,  we  can 
achieve  both  faster  and  simpler  circuits. 

Experiment 

We  first  investigated  the  triggering 
performance  of  a  circuit  that  contained  a  single 
RTD.  The  circuit  consisted  of  a  resonant 
tunneling  diode  shunted  to  ground  in  the 
middle  of  a  coplanar  transmission  line.  A  DC 
bias  and  the  sum  of  two  different  signals  were 
applied  to  the  transmission  line.  One  signal  was 
a  high  frequency  (HF)  sinusoid  with  a 
relatively  small  amplitude.  The  other  signal  was 
a  relatively  slow  sinusoid  with  a  larger 
amplitude.  The  resulting  sum  resembled  an  HF 
signal  superimposed  on  a  slowly  rising  ramp 
function.  For  such  an  input  voltage,  switching 
occurred  near  the  maximum  of  the  HF  signal. 
The  train  of  switching  pulses  generated  on  the 
transmission  line  is  then  synchronous  with  the 
HF  signal  and  can  be  used  for  triggering  in 
other  experiments. 

To  demonstrate  useful  triggering,  the 
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Figure  2.  Oscilloscope  trace  of  a  60  GHz  signal  triggered  by  the  RTD  circuit 


138 


Picosecond  Electronics  and  Optoelectronics 


Source 


Figure  3.  Circuit  schematics  of  the  new  RTD  trigger  circuit 


output  of  the  RTD  circuit  was  applied  to  the 
trigger  input  of  a  digitizing  oscilloscope 
(Fig.l).  To  ensure  that  the  triggering  was  not 
due  to  the  synchronization  of  die  slow  signal 
with  the  fast  60  GHz  signal,  a  499  MHz 
(which  is  not  a  subharmonic  of  60  GHz  signal) 
slow  signal  was  chosen.  Observation  of  the  60 
GHz  signal  which  is  triggered  by  the  RTD 
circuit  is  shown  in  Fig.  2.  This  was  at  a 
frequency  three  times  higher  than  what  can  be 
obtained  with  conventional  trigger  circuits 
using  Esaki  tunnel  diodes. 

Although  triggering  performance  up  to  60 
GHz  was  achieved,  jitter  was  a  limitation.  In 
this  circuit,  the  switching  of  the  RTD  occurred 
around  one  of  the  maxima  of  the  HF  sine 
waveform  at  a  point  where  the  slope  is  a 
minimum.  This  translates  as  a  maximum  timing 
uncertainty  in  the  switching  event  and  a 
resulting  voltage  pulse  with  maximum  timing 
jitter.  Such  a  timing  jitter  severely  limits  higher 
frequency  operations. 

In  order  to  overcome  this  jitter  problem  we 
have  pursued  a  two  diode  approach. 
Previously,  a  similar  approach  using  hybrid 
connections  of  Esaki  tunnel  diodes,  was  shown 
to  have  operating  frequencies  up  to  18  GHz 
[4].  Using  our  fabrication  process  we 
monolithically  integrated  a  circuit  consisting  of 
two  RTD's  and  a  resistor.  The  circuit  was 
connected  through  coplanar  transmission  lines 
(Figure  3).  Microwave  probes  were  used  to 
apply  the  input  signal  and  to  extract  the  output 
signal. 

High  frequency  experiments  were  carried 
out  by  applying  the  sum  of  a  ramp  and  a  high 
frequency  (HF)  sine  waveform  as  the  input 


signal.  As  explained  before,  such  an  input 
forces  the  first  diode  (RTD1  in  Figure  3)  to 
switch  around  one  of  the  maxima  of  the  HF 
signal.  This  switching  then  results  in  an  instant 
bias  level  change  for  the  second  RTD  (RTD2  in 
the  figure).  If  the  DC  bias  level  of  the  second 
diode  is  chosen  appropriately,  the  switching  of 
the  second  diode  occurs  around  the  maximum 
slope  of  the  HF  signal.  This  translates  as  less 
timing  uncertainty  for  the  switching  step  when 
compared  to  switching  around  the  maximum  of 
the  HF  signal.  The  voltage  step  produced  by 
RTD2  is  now  synchronous  with  the  HF  signal 
and  as  it  had  lower  jitter,  it  can  be  used  at 
higher  operating  frequencies. 

We  have  tested  this  principle  in  our  circuits 
using  HF  signals  at  W-band  frequencies  (75- 
110  GHz).  Signals  at  this  frequency  range 
were  obtained  by  using  microwave 
synthesizers  and  W-band  waveguide 
multipliers  .  We  used  a  W-band  to  V-band 
adapter  and  a  microwave  probe  with  a  V-band 
input  to  apply  the  the  signal  to  the  circuit.  A 
ramp  signal  at  60  MHz  with  a  DC  bias  was 
applied  through  die  bias  input  of  the  microwave 
probe.  This  DC  bias  was  used  for  biasing  the 
RTD1.  RTD 2  was  biased  from  the  other  end  of 
the  circuit  by  another  microwave  probe  which 
was  also  used  to  get  the  switching  step  as  the 
output  signal.  The  output  signal  was  then 
applied  to  the  trigger  input  of  a  Tektronix 
CSA803  waveform  analyzer  with  a  SR-32 
sampling  head.  The  input  of  the  sampling  head 
was  fed  with  the  output  of  another  W-band 
multiplier  which  shares  the  same  microwave 
synthesizer  with  the  first  W-band  multiplier. 
We  then  observed  the  HF  signal  on  the 
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Figure  4.  2-diode  RTD  trigger  circuit  has  been  used  to  trigger  off  a  1 10  GHz  signal 


oscilloscope.  A  typical  measurement  at  110 
GHz  is  shown  in  Figure  4.  This  is  at  a 
frequency  six  times  higher  than  that  obtained 
with  trigger  circuits  using  Esaki  tunnel  diodes. 
Furthermore,  we  have  done  jitter  measurements 
of  the  observed  signal  using  the  waveform 
analyzer.  Jitter  measurements  were  made  by 
taking  1000  samples  recorded  in  a  total  of  60 
seconds.  We  were  able  to  measure  as  little  as 
0.75  psec  timing  jitter.  Most  of  this  timing  jitter 
was  introduced  by  the  waveform  analyzer  and 
the  high  frequency  synthesizers.  This  shows 
that  our  circuits  indeed  have  timing  jitter  in 
hundreds  of  femtoseconds  range. 

Conclusion 

Currently,  the  largest  commercial 
application  of  tunnel  diodes  is  trigger 
recognition  in  high-speed  oscilloscopes.  We 
expect  that  it  is  here  that  the  RTD  will  also  find 
its  greatest  utility.  As  has  already  been 
demonstrated,  RTD's  fabricated  with  the  planar 
process  that  we  have  developed  can  be  used  to 
trigger  off  signals  up  to  1 10  GHz,  a  factor  of  5 
faster  than  the  Esaki  tunnel  diode. 
Furthermore,  the  speed  of  the  RTD  could  allow 
it  to  serve  an  even  broader  role  in  high-speed 
instrumentation.  RTD's  also  have  fast 
risetimes,  less  than  10  ps,  making  them  well 


suited  to  time  base  measurement  systems.  Our 
work  has  shown  the  possibility  of  broad 
system  applications  of  the  device  as  a  timing 
element. 
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Abstract 

Using  soliton  propagation  effects  in  GaAs  nonlinear 
transmission  lines,  we  have  demonstrated  picosecond 
impulse  generation  and  broadband  frequency  multi¬ 
plication. 


Introduction 

Picosecond  duration,  large-amplitude  electrical  im¬ 
pulses  have  broad  applications:  as  strobe  genera¬ 
tors  for  sampling  and  switching  circuits,  as  high- 
order  harmonic  generators,  and  as  stimulus  signals 
in  high  speed  electrical  measurements.  Broadband 
harmonic  multipliers  are  also  very  useful  as  medium- 
power  sources  in  millimeter-wave  systems. 

Picosecond  shock  waves  have  been  generated  on 
GaAs  nonlinear  transmission  lines  (NLTLs)  [1,2,3]. 
In  circuits  requiring  a  pulse  waveform,  the  NLTL 
output  must  be  differentiated.  Here,  we  discuss 
methods  for  frequency  multiplication  and  direct  im¬ 
pulse  generation  using  NLTLs  similar  to  those  used 
in  shock-wave  formation.  This  method  of  impulse 
generation  results  in  significant  pulse  amplitude  in¬ 
crease  in  the  absence  of  skin-effect  losses,  and  has  the 
potential  for  generation  of  picosecond  pulses  with 
amplitudes  in  the  tens  of  volts. 
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Figure  1:  Nonlinear  transmission  line  consisting  of 
(a)  a  high-impedance  line  periodically  loaded  with 
diodes,  and  (b)  its  LC  equivalent  circuit. 


Solitons  on  NLTLs 

A  solitary  wave  is  a  traveling  wave  having  a  local¬ 
ized  transition,  such  as  a  voltage  pulse,  and  propa¬ 
gating  without  distortion  in  a  nonlinear,  dispersive 
medium.  Solitons  have  the  further  property  that 
they  preserve  their  shape  and  velocity  after  collision 
with  other  solitons  [4].  The  soliton  can  be  qualita¬ 
tively  understood  as  a  pulse  waveform  for  which  the 
effects  of  nonlinearity  and  dispersion  are  balanced. 

NLTLs  provide  a  nonlinear,  dispersive  medium  for 
soliton  propagation  [4,5,6].  An  NLTL  (Fig.  la)  is  a 
ladder  network  of  high-impedance  transmission  line 
sections  ( T„ )  periodically  loaded  with  reverse- biased 
diodes  (D„)  serving  as  voltage- variable  capacitors. 
If  the  diodes  D„  have  capacitance  Cn,d{V)  and  the 
line  sections  T„  have  characteristic  impedance  Zi 
and  electrical  delay  rn,  then  the  approximate  equiv¬ 
alent  circuit  (Fig.  lb)  is  an  LC  ladder  network  with 
Ln  =  Zir„  and  C„(U)  =  C„  d(V)  +  (Tn_1  +  rn)/2Zi- 
The  NLTL  is  then  a  synthetic  transmission  line  with 
nonlinearity  arising  from  the  diodes,  and  dispersion 
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arising  from  its  periodicity.  Above  the  Bragg  cutoff 
frequency  ft  =  ut/2r  =  \/-XsjLCn(V),  waves  do 
not  propagate. 

If  the  capacitance  at  node  n  has  the  form  Cn(V)  = 
Co/(l  +  V /Vo)  and  Ln  =  L  for  all  n  (i.e.,  if  the  line 
is  homogeneous),  the  LC  ladder  network  supports 
propagation  of  solitons  [5]  of  the  form 

K,(<)  =  V,mo*sech2(1.212(t  -  nTo)/TFWHM)  ,  (1) 
where 

To  =  \J LCoVo/Vmax  sinh-1(V/ K„ar/Vo)  (2) 

and 

Tfwhm  =  1.212VLC0V0/Vmax  .  (3) 

For  given  transmission  line  and  diode  characteris¬ 
tics  ( L ,  Co,  and  Vo),  the  soliton  amplitude  Vmax  has 
a  unique  corresponding  full-width  at  half-maximum 
(FWHM)  width  Tfwhm  and  propagation  delay  per 
section  To- 

On  the  NLTL,  impulses  of  amplitude  Vmax  hav¬ 
ing  duration  Tfwhm  >  1-212^/ LCoV0/Vmax  corre¬ 
spond  to  a  nonlinear  superposition  of  a  set  of  solitons 
having  differing  amplitudes  (i.e.,  different  Knar’s) 
and  hence  differing  per-section  propagation  delays 
To;  applied  to  the  NLTL,  the  impulse  will  decom¬ 
pose  into  this  set  of  two  or  more  solitons  [5]  during 
propagation.  Figure  2  shows  a  circuit  simulation  of 
a  Knar  =  6  volt,  Tfwhm  =  62.5  ps  FWHM  raised- 
cosine  input  impulse  splitting  during  propagation 
into  a  pair  of  solitons  by  the  26th  diode.  The  larger 
soliton  has  Knar  =  8.9  volts  and  Tfwhm  =  27  ps. 
In  this  and  subsequent  simulations,  we  modeled  the 
NLTL  structure  as  a  high  impedance  (90Q)  trans¬ 
mission  line  loaded  by  diodes  whose  model  param¬ 
eters  matched  those  of  our  process.  By  fitting  our 
C(V)  characteristics  to  the  C(V)  assumed  in  the 
above  solutions,  we  estimate  the  characteristic  pa¬ 
rameters  of  this  simulated  soliton  line  as  L  «  1  nH, 
Co  »  740  fF,  and  Vo  «  3.6  volts.  The  ft  of  this 
network  is  16  GHz  with  the  diodes  biased  at  -3  volts 
(i.e.  the  average  of  the  input  pulse  voltage). 

With  a  broader  input  pulse,  a  larger  number  of 
solitons  is  produced.  Figure  3  shows  a  simulation  of 
a  Knor  =  6  volt,  Tfwhm  =  94  ps  FWHM  raised- 
cosine  input  impulse  decomposing  into  three  solitons 
by  the  42nd  diode  on  the  same  NLTL  as  used  in  the 
first  example.  The  largest  of  the  three  solitons  has 
Vmax  =  7.9  volts  and  Tfwhm  =  31  ps. 

Harmonic  Generation 

We  use  the  splitting  of  input  pulses  into  pairs  of 
solitons  as  a  method  of  second-harmonic  generation. 


Figure  2:  Simulation  of  a  raised-cosine  pulse  decom¬ 
posing  into  two  solitons  on  a  homogeneous  line. 


Figure  3:  Simulation  of  a  broad  pulse  decomposing 
into  three  solitons  on  a  homogeneous  soliton  line. 

A  sinusoidal  input  at  frequency  wj  corresponds  to 
a  repetitive  train  of  negative-going  input  impulses 
of  duration  Tfwhm  =  tr/wi.  On  the  NLTL,  each 
of  these  pulses  corresponds  to  a  superposition  of  a 
set  of  solitons  which  subsequently  separate  during 
propagation.  Applying  a  15  GHz,  20  dBm  input  to 
a  20-diode  monolithic  NLTL  with  ft  =  44  GHz,  each 
negative  cycle  of  a  15  GHz,  20  dBm  input  decom¬ 
poses  into  a  pair  of  negative-going  pulses  which  pro¬ 
gressively  separate  during  propagation  (Fig.  4),  as 
measured  using  electrooptic  sampling  [7].  A  strong 
second  harmonic  component  is  generated  in  the  out¬ 
put. 

With  further  propagation  on  a  longer  NLTL,  the 
lower-amplitude  soliton  of  a  given  input  cycle  merges 
with  the  larger-amplitude  soliton  of  the  subsequent 
input  cycle,  and  the  input  waveform  is  recreated, 
decreasing  the  second-harmonic  power  to  zero.  This 
recurrence  phenomenon  forces  a  limit  to  the  length 
of  the  NLTL  for  efficient  harmonic  conversion  [8]. 
Pulses  much  longer  than  2 x/wj  separate  into  pro¬ 
gressively  larger  numbers  of  solitons;  a  10  GHz  in¬ 
put  (Fig.  4)  decomposes  into  sets  of  3  solitons  per 
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Figure  4:  Experimentally  observed  waveforms  illus¬ 
trating  soliton  decomposition  on  a  20-  diode  NLTL. 


cycle,  and  a  strong  output  third  harmonic  is  gener¬ 
ated.  Efficient  2nd  harmonic  generation  thus  occurs 
for  W(,/3  <  wi  <  wj/2. 

A  20-diode  NLTL  distributed  harmonic  generator 
was  fabricated,  having  Zl  =  90Q,  r  =  4  ps,  and 
fb  =  44  GHz.  The  NLTL’s  characteristics  fit  to  the 

soliton  line  model  are  L  «  0.36  nH,  Co  «  274  fF, 
and  Vo  «  3.2  V.  Neglecting  skin-effect  losses,  circuit 
simulations  using  a  harmonic-balance  algorithm  pre¬ 
dict  3  dB  conversion  loss  at  peak  efficiency,  and  <  6 
dB  loss  from  13.2  to  18.1  GHz  input  frequency. 

Conversion  efficiency  was  measured  on-wafer  us¬ 
ing  wafer  probes,  microwave  synthesizer,  and  spec¬ 
trum  analyzer.  With  20  dBm  input  power,  the 
NLTL  attains  9.3  dB  insertion  loss  at  peak  efficiency 
and  13.5-18  GHz  bandwidth  at  <  12  dB  loss  (Fig. 
5).  The  lower-than-predicted  conversion  loss  arises 
from  skin-effect  losses  on  the  90Q  line  sections  (1.4 
pm  thick  gold  with  10  pm  line  width),  which  have 
relatively  low  Q.  When  skin  losses  are  modelled, 
measured  conversion  loss  is  ~  2  dB  greater  than 
simulation.  Circuit  implementation  with  less  lossy 
inductors  will  permit  conversion  efficiency  approach¬ 
ing  3  dB. 


Impulse  Generation 

A  pulse  with  Tfwhm  >  \-2\2^ LC^V^jVmai  input 
to  an  NLTL  will  decompose  into  its  characteristic  set 


Figure  5:  Simulated  and  measured  conversion  loss 
in  second  harmonic  generation. 


Figure  6:  Simulation  of  soliton  impulse  compression 
on  a  two-stage  step-tapered  NLTL. 


of  solitons.  Longer  input  pulses  decompose  into  pro¬ 
gressively  larger  numbers  of  solitons  [5].  To  attain 
larger  impulse  compression  ratios  while  maintaining 
predominantly  a  single  impulse,  a  step-tapered  net¬ 
work  consisting  of  cascaded  sections  of  NLTLs  with 
progressively  decreasing  diode  spacings  and  sizes,  or 
equivalently  progressively  decreasing  characteristic 
time  constant  \J LCq,  can  be  used.  Figure  6  shows 
a  simulation  of  a  cascaded  impulse  compression  line 
with  80  diodes  and  two  compression  sections.  For 
the  first  compression  section  of  26  diodes  (n  =  1 
to  26)  the  ladder  network  parameters  are  Ln  «  1 
nH  and  Co,n  53  740  fF  as  in  the  previous  simulation, 
while  the  second,  cascaded  compression  section  of  54 
diodes  (n  =  27  to  80)  has  L„  as  500  pH,  Co,n  370 

fF ;  Vo  w  3.6  volts  in  both  sections.  Within  each 
compression  section,  the  line  is  homogeneous.  In  the 
first  compression  section  ,  the  input  impulse  splits 
into  a  pair  of  solitons,  each  having  impulse  width 
related  to  impulse  amplitude  by  Eq.  2,  where  L  1 
nH  and  Co  %  740  fF.  Applied  to  the  second  com¬ 
pression  section,  each  of  the  two  impulses  from  the 
first  section  have  Tfwhm  longer  than  the  soliton 
duration  in  the  second  line  section,  because  of  the 
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Figure  7:  Simulation  of  soliton  impulse  compression 
on  a  continuously  tapered  NLTL.  Voltages  are  shown 
at  the  input,  after  8.9  mm  and  17  mm  propagation, 
and  at  the  output. 


Figure  8:  Measured  step  response  of  the  on-wafer 
sampling  circuit.  The  sampling  circuit  has  a  risetime 
of  —1 .26  ps  and  275  GHz  bandwidth. 

2  :  1  decrease  in  x/LGq.  Each  of  the  two  impulses 
is  thus  again  split  during  propagation  into  a  pair  of 
solitons.  The  line  output,  at  diode  80,  then  con¬ 
sists  of  4  impulses,  the  first  of  which  at  Vmaz  =  9.31 
volts  and  Tfwhm  =  13.8  ps,  has  4.5  :  1  shorter 
duration  than  the  input.  More  homogeneous  com¬ 
pression  sections,  with  progressively  smaller  \J LC!q 
time  constants,  could  be  added.  In  each  successive 
section,  the  leading  impulse  is  compressed  further, 
providing  a  very  large  compression  ratio,  but  also 
generating  a  large  number  of  parasitic  (undesired) 
impulses  extending  over  a  long  period  of  time. 

Impulses  can  also  be  compressed  [6]  in  inhomo¬ 
geneous  NLTLs  where  the  diode  spacings  and  diode 
capacitances  are  continuously  tapered.  We  let  the 
transmission  line  lengths  r„  =  F"r0,  and  diode  ca¬ 
pacitances  Cn  d  =  knCoxd  decrease  ( k  <  1)  in  an 
exponential  progression  along  the  NLTL  structure. 
The  inhomogeneous  NLTL  is  a  limiting  case  of  a 
step-tapered  network  having  a  large  number  of  cas¬ 
caded  homogeneous  compression  sections,  with  each 
section  having  only  one  diode.  For  the  exponentially 
tapered  network  (Fig.  7),  circuit  simulations  predict 
formation  of  a  highly  compressed  impulse  accompa¬ 
nied  by  a  pedestal.  In  the  simulation,  k  =  0.94, 
to  =  1 1  ps,  Zi  =  90  fl,  Co,o  **  740  fF,  Vq  ~  3.6 


Figure  9:  Measured  5.5  ps  FWHM  impulse  train 
generated  by  the  continuously  tapered  NLTL.  8 
GHz,  20  dBm  sinusoidal  input. 


volts,  and  the  line  has  66  sections.  The  SPICE  sim¬ 
ulation  includes  diode  series  resistances  r„  consis¬ 
tent  with  an  865  GHz  diode  zero-bias  cutoff  fre¬ 
quency,  but  skin-effect  losses  cannot  be  modelled. 
Harmonic-balance  simulators  allow  skin-loss  mod¬ 
elling,  but  do  not  converge  when  simulating  tapered 
impulse  compressors.  The  SPICE  simulation  shows 
a  50  ps  FWHM,  6  volt  raised-cosine  impulse  at  the 
input  compressed  to  a  0.5  ps,  26  volt  impulse  at  the 
output. 

Using  the  circuit  parameters  of  the  simulation 
above,  continuously  tapered  impulse  compression 
lines  were  fabricated  on  GaAs  semi-insulating  sub¬ 
strates.  In  the  monolithic  structures,  we  again  use 
Vo  =  3.6  volts  and  Co,o  =  740  fF  (for  a  508  pm2 
diode)  to  provide  an  approximate  fit  of  the  soliton 
model  capacitance  [5]  C„(V)  =  Co,n/(l  +  V/Vq)  to 
the  combined  hyperabrupt  diode  and  transmission- 
line  capacitance.  The  characteristic  y/LnCo,n  time 
constant  grades  from  27  ps  at  the  line  input  (n  =  0) 
to  0.46  ps  at  the  output  (n  =  66).  An  on- wafer 
275  GHz  bandwidth  sampling  circuit  [3]  measures 
the  impulse  generator’s  output.  The  step  response 
of  this  sampler  is  shown  in  Figure  8.  In  testing,  an 
8  GHz,  20.7  dBm  sinusoidal  input  superimposed  on 
a  2.75  volt  negative  bias  generated  (Fig.  9)  an  out¬ 
put  3.9  Vp-.p,  5.5  ps  FWHM  impulse  train  with  30% 
pedestal  amplitude. 

The  low  (3.9  V  measured,  Fig.  9,  vs.  26  V  sim¬ 
ulated,  Fig.  7)  output  amplitude  arises  from  high 
skin-effect  losses  on  the  ~  2  cm  long  structure,  not 
modelled  in  the  simulation.  This  loss  in  amplitude 
greatly  inhibits  impulse  width  compression,  since  the 
diodes  provide  less  nonlinearity  for  a  smaller  voltage 
swing.  Sinusoidal  drive  also  degrades  compression 
efficiency.  As  with  the  harmonic  generators,  skin 
loss  can  be  reduced  by  using  less  lossy  interconnect¬ 
ing  structures.  More  abrupt  diode  doping  profiles 
will  reduce  Vo,  reducing  the  propagation  distance 
necessary  to  separate  solitons,  and  hence  reduce  the 
overall  device  length. 
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Summary 

Using  soliton  nonlinear  transmission  lines,  we  have 
directly  generated  picosecond  pulses  without  dif¬ 
ferentiation  and  have  generated  second  harmonic 
with  moderate  efficiency  over  a  33%  fractional  band¬ 
width.  Both  structures  suffered  greatly  from  skin- 
effect  losses,  and  their  performance  will  be  greatly 
enhanced  by  using  lower  impedance  interconnecting 
transmission  lines  (on  the  order  of  75fi)  or  planar 
spiral  inductors,  both  of  which  have  higher  Q  than 
the  90Q  lines  in  the  current  structure.  Once  these 
metallic  losses  have  been  reduced,  ~  20  volt,  ~  1 
ps  impulse  generators  and  ~  3  dB  conversion  loss 
second  harmonic  broadband  multipliers  will  be  real¬ 
izable. 
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I.  Introduction 


Progress  in  the  research  of  modem  semiconductor 
devices  has  advanced  their  response  frequencies  above 
400  GHz. [I ]  Such  performance  exceeds  the 
conventional,  purely  electronic  test  instrumentation 
bandwidth,  with  the  major  limitations  being  imposed 
by  the  connectors  and  waveguides  that  are  required  fa- 
signal  coupling  to  the  device  under  test  (DUT).  This 
lack  of  convenient  and  accurate  high-bandwidth  device 
characterization  methods  imposes  a  serious  obstacle  to 
progress  in  semiconductor  device  development  and 
utilization. 

Ultrafast  optoelectronic  techniques  provide  a 
viable  alternative  to  electronic  ones.  In  particular, 
photoconductive  switching  is  used  for  multi-hundered- 
gigahertz-bandwidth  electrical-stimulus  generation,  and 
photoconductive  or  electro-optic  sampling  are  used  fa 
similar  bandwidth  measurcments.[2-5]  Their  advantage 
lies  primarily  in  both  the  stimulus-generation  site  and 
response-measurement  planes  being  physically  close  to 
the  DUT.  This  has  the  potential  to  completely 
eliminate  any  discontinuities,  although  the  previously 
reported  measurements  have  been  bandwidth  limited  by 
two  other  factors  -  the  choice  of  microstrip  lines  as 
transmission  media,  and  photoconductive  sampling  as 
mcasuremnt  technique. 

We  now  report  the  first  application  of  the 
external  electro-optic  sampling  (EEOS)  technique 
combined  with  high-bandwidth  coplanar  strip 
transmission  lines  (CPS)  [6]  for  the  extraction  of 
small-signal  S-parameters  of  an  active  device.  This 
technique  enables  one  to  determine  device 
characctristics  to  a  frequency  of  100  GHZ  without 
extrapolation.  In  Section  II,  we  discuss  the  parameters 
and  the  results  affecting  the  selection  of  electro-optic 
sampling  as  the  measurement  technique  of  choice.  The 


motivation  for  selecting  the  CPS  geometry  as 
transmission  media  is  presented,  also.  In  Section  III, 
we  address  the  issues  of  designing  a  complete  small- 
signal  device  characterization  fixture. 

II.  Stimulus  Measurement,  Generation  and 
Propagation. 

We  have  used  a  balanced  colliding-pulse  mode-locked 
laser  providing  100-fs  pulses  at  100  MHz  [7],  along 
with  a  two-stage  lock-in  detection  technique  in  all  of 
the  following  experiments.  [8]  The  electro-optic 
measurements  were  performed  with  an  external  electro- 
optic  transducer.[6]  The  substrates  used  were  ion- 
implant  damaged  silicon-on-sapphirc  (SOS)  to  allow 
for  photoconductive  generation  of  sub-picosecond 
pulses.[9] 

We  have  selected  the  external  electro-optic 
sampling  technique  fa  its  excellent  bandwidth  and  the 
fact  that  it  may  be  used  with  any  circuit  substrate 
material.  The  accuracy  and  invasiveness  of  such  a 
measurement  have  been  investigated.!  10]  Figure  1 
shows  the  possible  sources  of  error  that  affect  the 
accuracy  of  EEOS:  i)  the  reflection  of  electrical 
signals  from  the  vertical  interfaces  of  bulk  LiTaCty  ii) 
the  switch-emitted  radiation  reflecting  from  the 
substrate  boundary  up  to  the  measurement  sight;  iii) 
the  transmission  line  impedance  change  induced  by  the 
LiTaOj  material  appearing  as  a  superstrate. 

Our  investigations  have  shown  that  the 
primary  source  of  error  can  be  attributed  to  the  LiTa03 
bulk  electrical  resonance.  [10]  Figure  2  shows  the 
response  signals  of  a  picosecond  photoconductor 
switch  embedded  in  a  CPS  measured  with  external 
electro-optic  probes  (EEP)  of  various  thickness.  We 
can  readily  identify  the  resonances  directly  related  to  the 
EEP  thickness  in  the  top  three  traces.  However,  the 
thinnest  (20  pm)  EEP  is  small  enough  to  behave  as  a 
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lumped  element  and  suppress  the  bulk  resonance.  The 
response  measured  with  this  probe  is  the  same  as  that 
expected  for  the  photoconductor  switch.  The  small 
amplitude  bulge  appearing  on  the  tail  of  this  signal  is 
due  to  switch  radiation  detection  by  the  EEP  [(iii)  in 
Fig.  1].  This  phenomenon  is  common  to  all 
optoelectronic  technique,  but  can  be  easily  handled  by 
increasing  the  substrate  thickness.  The  small  shoulder 
on  the  falling  edge  of  the  pulse  is  due  to  the  reflection 
of  the  electrical  signal  from  the  output  facet  of  the 
EEP.  We  note,  however,  that  we  are  typically 
interested  in  the  relative  difference  between  two 
measurements.  Thus,  this  linear  response  perturbation 
is  cancelled  out  in  the  frequency  domain  and  high 
measurement  accuracy  is  maintained. 

Probe  Probe 


Figure  1.  External  electro-optic  probe,  with  reflection 
sources  that  may  create  error. 

The  invasiveness  of  the  EEP  was  determined 
by  measuring  the  additional  phase  delay  introduced  by 
the  EEP  material.  The  effective  superstate 
perimttivity  computed  from  these  measurements  was 
-5,  which  is  substantially  below  the  LiTaC>3 
permittivity  of  4 1 .  The  reason  for  this  discrepancy  can 
be  seen  from  Fig.  3,  where  the  equipotential  lines  for  a 
CPS  on  a  sapphire  substrate  are  plotted.  The  dielectric 
screening  of  the  LiTaC>3  material,  combined  with  the 
air  gap  due  to  finite  CPS  metallization  thickness  and 
mechanical  imperfections,  expels  the  electric  field  out 
of  the  high-dielectric -constant  EEP.  The  result  is  an 
only  slightly  reduced  impedance  of  the  CPS  over  the 
length  where  the  EEP  is  positioned. 

The  selection  of  microstrip  or  coplanar  strip 
transmission  line  is  dictated  by  the  considerations  of 
high  bandwidth  electrical  signal  generation  and 
propagation  properties.  The  microstrip  bandwidth  is 
primarily  determined  by  the  thickness  of  the  dielectric 
substrate,  and  mechanical  constraints  impose  an  upper 
limit  on  its  bandwidth.  However,  the  CPS  is 
photolithographically  defined  and  can  be  scaled  to 
much  higher  bandwidlhs.  Figure  4  shows  the 
responses  of  50-fl  microstrip  and  CPS  transmission 


Figure  2.  EEP  measured  signals. 


Figure  3.  Equipotential  lines  around  CPS  with  EEP. 


lines.  The  microstrip  response  is  longer  in  time 
indicating  lower  bandwidth.  The  electrical  signal 
round-trip  time  between  top  electrode  and  ground  plane 
is  greater  than  the  photoconductor-switch  response 
time,  resulting  in  substantial  ringing  in  the  microstrip 
response.  Thus,  the  CPS  is  a  better  choice  for  high- 
bandwidth  stimulus  generation.  Additionally,  the 
planar  nature  of  the  CPS  potentially  allows  for  a 
parasitic-less  integration  with  the  planar  devices  under 
test  (i.e.,  connections  through  via  holes  to  microstrip 
ground  plane  are  not  necessary). 

The  propagation  properties  of  the  CPS  have 
been  investigated  to  determine  the  most  suitable 
geometry.  The  dispersion  and  the  attenuation 
characteristics  can  be  obtained  from  the  ratios  of  the 
Fourier  transforms  of  electrical  signals  measured  at 
spatially  separated  points  along  the  CPS.  For 
example.  Figure  5(a,b)  shows  such  data  obtained  from 
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a  CPS  with  30-pm  electrodes  spaced  by  20  tun.  The 
calculated  results  are  from  semi-empirical  analytic 
formulas.[ll]  We  should  note  the  good  agreement 
between  the  measurements  and  calculations  over  a 
tremendous  bandwidth  of  near-dc  to  near-THz 
frequencies. 


Figure  4.  Photoconductor  switch  responses. 

III.  Device  Characterization. 

The  results  from  the  previous  section  were  combined 
into  a  device  S-parameter  characterization  fixture 
shown  in  Fig.  6.  The  device  is  wirebonded  into  a 
symmetric  CPS  holder  allowing  for  two-port  network 
analysis.  The  CPS  had  50-pm-wide  conductors 
separated  by  5  pm,  and  it  was  fabricated  on  an  ion- 
damaged,  silicon-on-sapphire  substrate. 
Photoconductor  switches  are  embedded  into  the  CPS 
and  the  dc  biases  are  brought  to  the  DUT  on  the  same 
lines  as  the  broadband  stimulus  pulses.  Two 
measurement  points  on  the  input  CPS  were  used  to 
characterize  its  dispersion  and  attenuation 
characteristics.  A  measurement  point  on  the  input 
CPS  was  used  to  obtain  the  incident  and  reflected 
signals.  It  was  separated  by  1.2  mm  from  the  DUT  to 
allow  for  time-windowing  of  these  signals.  The  input 
CPS  is  sufficiently  long  so  that  one  can  separate  in 
time  the  reflected  DUT  signal  from  signals  arising  at 
other  discontinuities.  A  measurement  200  pm  from 
the  output  of  the  DUT  was  used  to  obtain  the  forward 
transmission  signal.  Again,  the  CPS  was  long 
enough  to  time-window  the  transmitted  DUT  signal 
from  those  due  to  other  discontinuities.  Following  a 
similar  procedure  at  the  output  side,  two-port  time- 
domain  characteristics  can  be  measured. 

The  DUT  was  a  0.15-pm-gate-length 
pseudomorphic  heterojunction  FET  supplied  by 
General  Electric.  Its  design,  shown  in  Fig.  7,  is 
different  from  conventional  high-electron-mobility 
transistors.  An  AIGaAs/GaAs  superlattice  is  used 
below  the  channel  to  improve  carrier  confinement  An 
additional  planar  doped  layer  in  the  strained  channel 
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Figure  5.  CPS  dispersion  and  attenuation. 
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Figure  6.  S-parameter  characetrization  fixture. 

improves  charge  density,  which  more  than 
compensates  for  somewhat  lower  mobility.[12] 

Figure  8  shows  the  signals  measured  on  the 
gate  input  and  drain  output  of  the  DUT.  The 
measurement  plane  is  removed  from  the  DUT, 
allowing  us  to  time-window  the  incident  and  reflected 
signals.  We  see  that  the  input  signal  recovers  to  zero 
baseline  before  the  reflected  signal  arrives.  The  long 
input  CPS  assures  that  the  DUT  reflected  response 
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Figure  7.  Heterojunction  Field-Effect  Transistor. 


Figure  8.  Time-domain  signals  measured  via  EEOS 
for  network  analysis. 

recovers  to  zero  before  any  other  reflections  arrive  to 
the  measurement  plane.  Similarly,  the  drain  output  is 
seen  to  recover  to  zero  completely  within  the 
measurement  time-window. 

The  reflection  (Sn,  S22)  and  transmission 
(S21.  S 12)  S-parameters  were  obtained  from  the  ratios 
of  the  Fourier  transforms  of  the  reflected,  transmitted 
and  input  waveforms  from  both  the  gate  and  drain  sides 
of  the  device.  The  effective  measurement  planes  were 
shifted  up  to  the  DUT  wirebonds  by  taking  into 
account  the  phase  delay  and  attenuation  introduced  by 
the  lengths  of  CPS  separating  the  physical 
measuremnt  planes.  Figure  9  shows  the  S-parameters 
extracted  from  these  measurements  up  to  100  GHz. 
For  comparison,  S-parameters  obtained  from 
conventional  HP8510  measurements  up  to  40  GHz  for 
a  similar  device  are  shown,  too.  It  can  be  seen  that 
the  agreement  is  quite  good  in  the  range  where 
conventional  measurements  have  been  made.  The 
discrepancy  in  the  S22  measurements  is  currently  under 
investigation,  although  it  might  be  attributed  to  the 
differences  in  the  DUT  or  in  the  wirebond  parasitics. 
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Figure  9.  Measured  S-paramaters. 
(— )  E/O  up  to  100  GHz; 

( - )  HP8510  up  to  40  GHz. 
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Conventional  figures  of  merit,  such  as  the 
unity  current  gain  frequency  and  the  maximum 
frequency  of  oscillation  (fmax) 0311  ^  determined  from 
the  measured  S -parameters  without  need  for 
extrapolation.  Figure  10  shows  the  maximum 
available  gain  curve  computed  from  both  the  electro¬ 
optic  ( - )  and  HP8510  (----)  measured  S- 

parameters.  The  directly  measured  fmax  is  seen  to  be 
-92  GHz.  This  is  slightly  lower  than  that  extrapolated 
from  the  HP8510  measurement,  although  this  could  be 
due  to  the  sources  of  error  previously  mentioned. 


Figure  10.  Maximum  unilateral  gain. 

Work  is  in  progress  to  apply  this  technique  to 
the  characterization  of  much  faster  devices. 

IV.  Conclusion 

We  have  demonstrated  the  application  of  external 
electro-optic  sampling  and  coplanar  strip  transmission 
lines  to  the  S-parameter  characterization  of  modern 
ultrafast  devices.  A  measurement  bandwidth  of 
100  GHz  has  been  experimentally  demonstrated  (i.e., 
without  need  for  extrapolation).  Work  is  in  progress 
to  extend  this  bandwidth  by  several  times,  while 
characterizing  devices  with  cutoff  frequencies  greater 
than  those  reported  here. 
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Abstract 

A  new  microwave  waveform  sampling  system, 
which  employs  a  combined  optical  phase-locking 
and  photocondnctive  sampling  techniques,  has 
been  demonstrated.  This  system  can  directly  dis¬ 
play  a  replica  of  microwave  waveform  on  a  conven¬ 
tional  oscilloscope. 

Introduction 

Waveform  measurement  and  dispay  are  very 
important  for  characterizing  oscillator,  amplifier 
or  other  device  output  performance.  At  frequen¬ 
cies  below  400  MHz,  conventional  real  time  os¬ 
cilloscope  is  the  usual  means  to  study  this  kind 
of  waveform,  while  above  400  MHz,  sampling 
scope  takes  this  place.  At  present,  conventional 
RF/microwave  sampling  scope  has  a  maximum 
bandwidth  of  20  GHz.  A  superconductive  sam¬ 
pling  scope,  (by  Hypres,  PSP-1000)  has  extended 
the  bandwidth  up  to  70  GHz,  but  this  instrument 
is  designed  to  operate  at  cryogenic  temperature, 
cooled  with  liquid  helium  during  normal  opera¬ 
tion. 

Unlike  electrical  sampling,  optical  sampling 
technique  can  easily  detect  waveform  of  frequen¬ 
cies  above  100  GHz,  since  picosecond  or  subpi- 
cosocond  laser  is  presently  readily  available.  The 
most  commonly  used  techniques  for  optic  sam¬ 
pling  are  electro-optic  sampling  and  photoconduc- 
tive  sampling.  Electro-optic  sampling  is  only  ap¬ 
plicable  to  GaAs,  InP  substrate  materials,  which 
have  electric  induced  birefringence;  but  this  tech¬ 
nique  can  be  used  to  sample  waveforms  at  any 
arbitrary  point  in  a  digital  or  microwave  circuit 


fabricated  on  such  substrates.  In  contrast,  photo- 
conductive  sampling  can  be  applied  to  other  sub¬ 
strates,  such  as  Si,  but  it  can  only  be  used  to  sam¬ 
ple  waveform  at  particular  point  in  a  circuit  where 
additional  electrode  must  be  incorporated.  In  this 
paper,  both  techniques  will  be  described  for  the 
waveform  measurements,  and  either  technique  can 
be  used  in  the  experiment. 

Sampling  principle 

Sampling  technique  is  a  well  known  method  to 
scale  down  high  frequency  repetitive  waveform  to  a 
low  frequency  waveform.  Fig.l  shows  the  sampling 
principle  in  time  domain. 

The  narrow  optic  pulse  train  gates  the  in¬ 
put  microwave  signal,  produces  the  output  pro¬ 
portional  to  the  input  value  at  the  particular  time 
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moment.  If  the  microwave  signal  satisfies  the  fol¬ 
low  conditions: 

fm  =  N fl.  ±  f  IF 
or 

ti  —  A  t,„  +Atm 


by  a  fiber  pulse  compressor.  The  compressed  pulse 
with  width  of  3  picosecond  and  wavelength  of 
1.06  pm  is  partially  applied  to  the  E-0  sampler 
in  the  PLL.  The  most  of  energy  is  used  in  the  fre¬ 
quency  doubler.  Through  an  optical  delay  line, 
the  produced  0.53pm  light  is  employed  to  activate 
the  photoconductive  sampler. 


where  N  is  integer,  ///■■  <<  fL,  A tm  =  tm/M, 
A/  =  f L  /  f IF  i  M  represents  the  number  of  sam¬ 
pling  points  per  period,  which  may  not  an  be  in¬ 
teger.  Then 


V,n{ti )  —  1  m (A  t ;+A/:„)  —  I'mf+At,,,) 


Thus,  the  equivalent  time  enlarge  factor  is: 


tL 
+ A# 


(Ntm  ±Atm) 
_b  At 


=  ±(JVA/±1) 


where  the  minus  sign  represents  reverse  time  se¬ 
quence.  With  sufficient  sampling  point  M,  the 
IF  waveform  should  be  similar  to  the  microwave 
waveform  but  with  +(N M  +  l)  time  enlargement. 

Phase  synchronization 

Since  time  synchronization  between  mi¬ 
crowave  signal  and  laser  pulses  is  essential  for  ap¬ 
plying  sampling  technique  to  reproduce  a  high 
quality  waveform,  any  time  jittering  between  the 
two  signals  can  result  in  inaccuracy  in  waveform 
measurement.  The  synchronization  can  be  estab¬ 
lished  by  using  a  sophisticated  frequ*  synthe¬ 
sizer  as  the  microwave  source  and  synchronizing  it 
with  the  laser  acoustooptic  (AO)  modulator  driver 
(  another  frequency  synthesizer  )  [lj.  This  type 
of  system  is  very  complex  and  expensive,  espe¬ 
cially  when  applied  to  the  millimeter  wave  fre¬ 
quency  range.  Moreover,  the  usage  of  this  tech¬ 
nique  is  limited  and  can  not  be  applied  to  measure 
waveform  of  oscillator  signals.  Other  methods  to 
maintain  the  coherence  between  microwave  oscil¬ 
lation  and  laser  pulses  are  indirect  optical  locking 
of  a  fret*  running  millimeter  wave  IMPATT  oscilla¬ 
tor^]  and  optical  mixing  of  injection  locked  laser 
diode[3]. 

Recently,  we  reported  a  new  technique  of 
phase  locking  a  microwave  oscillation  with  pi¬ 
cosecond  laser  pulses  by  electro-optic  (E-O)  sam- 
piing[4).  Fig. 2  shows  the  schematic  of  phase  locked 
loop  ( PLL). 

The  laser  used  in  this  experiment  is  a  mode 
locked  Nd:YLF  laser  with  repetition  rate  of  7G 
MHz.  The  output  of  this  laser  is  then  compressed 


HP86260  10-15  GHz 

Figure  2.  Phase  locked  loop. 

Optical- microwave  intermixing  scheme  con¬ 
sists  of  a  GaAs  microstrip  line,  a  polarizer  and 
a  photodetector.  The  microwave  signal  modu¬ 
lates  the  reflected  laser  beam  in  the  GaAs  sub¬ 
strate  via  the  E  0  effect.  The  demodulation  can 
be  achieved  by  using  the  polarizer  and  photode- 
tcctor.  The  output  signal  from  the  detector  is  am¬ 
plified  by  a  9.5  MHz  amplifier  with  a  gain  of  80 
db.  and  then  mixed  with  a  9.5  MHz  reference  sig¬ 
nal  derived  from  the  driver  of  the  same  AO  mod¬ 
ulator  that  mode-lock  the  laser.  The  resultant 
error  signal  is  applied  to  the  controlled  terminal 
of  the  microwave  generator  through  a  loop  filter. 
The  microwave  signal  source  used  in  the  PLL  is  a 
voltage-controlled  oscillator  (\rC0),  currently  rep¬ 
resented  by  signal  generators:  HPSG222B  (0.01-2.4 
GHz),  or  HP8G241A  (3.2-G.5  GHz)  or  HP8C2G0 
(10-15  GHz).  The  locked  frequencies  are:  f,„  = 
N fi  fir,  where  /V  =7G  MHz,  //*.-  =  9.5  MHz. 

Using  the  described  synchronization  scheme, 
it  is  possible  to  measure  the  output  performance 
of  an  oscillator  with  capability  of  varying  the  fre¬ 
quency  through  a  voltage  control.  Since  E-0  sam¬ 
pling  can  be  accomplished  without  requiring  high 
frequency  electrical  contacts,  this  technique  can 
potentially  phase  lock  any  monolithic  oscillator 
circuits  to  frequencies  up  to  100  GHz  at  the  wafer 
level  before  the  wafer  is  diced  and  device  is  pack¬ 
aged. 
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Experiment 

The  phase  locked  microwave  signal  is  sent  to 
the  device  under  test  (  in  the  first  experiment, 
this  was  only  a  cable  or  the  oscillator  itself  )  and 
then  applied  to  the  photoconductive  sampler  ( 0+ 
implanted  GaAs  photoconductive  switch)  (Fig. 3). 

The  desired  output  is  fip  and  its  harmonic, 
which  can  be  picked  up  by  a  low  pass  filter.  The 
output  of  the  low  pass  filter  is  amplified  and  sent 
to  the  regular  oscilloscope.  The  resultant  wave¬ 
form  for  a  sinusoidal  microwave  signal  is  shown  on 
Fig-4.- 

For  an  optimal  replication  of  the  waveform, 
the  value  of  M  =  fi/fir  should  as  large  as  possi¬ 
ble,  as  long  as  //f  is  above  the  laser  intensity  noise 
band.  For  //f  =  9.5 MHz  and  fi  —  7 6MHz, 


Figure  3.  Schematic  of  optic  sampling  system. 


10  mv/div  50  ns/div 

Figure  4.  The  displayed  output  waveform  of  a  2.4 
GHz  microwave  signal. 


the  number  of  the  sampling  points  per  cycle,  M, 
is  8.  If  we  externally  trigger  the  scope  by  the  9.5 
MHz  reference  signal  from  the  divider  in  the  phase 
locked  loop,  and  optically  delay  the  0.53pm  sam¬ 
pling  beam,  the  displayed  waveform  on  the  scope 
will  horizontally  shift.  Thus,  we  can  accurately 
determine  the  wavelength  of  measured  microwave 
signal. 

In  the  other  experiment,  in  order  to  display 
the  capability  of  replicating  a  distorted  waveform, 
an  over  driven  amplifier  was  used  as  DUT.  To 
double  the  sampling  points  M,  fir  was  reduced 
to  4.75  MHz  in  the  phase  locked  loop  and  in  the 
photoconductive  sampling  system.  The  output 
waveform  of  536  MHz  from  a  saturated  amplifier 
was  measurd  simultaneously  by  a  regular  sampling 
scope  (Fig. 5(a))  and  by  the  photoconductive  sam¬ 
pler  (Fig. 5(b)).  Evidently,  these  two  waveforms 
are  very  alike. 


Figure  5(a).  The  output  waveform  from  an  over 
driven  amplifier  was  displayed  by  a  regular  sam¬ 
pling  scope. 


Figure  5(b).  The  output  waveform  from  an  over 
driven  amplifier  was  displayed  by  the  optical  sam¬ 
pling  system. 
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The  intermixing  performance  of  the  above 
0+  implanted  GnAs  photoeonduetive  sampler  was 
also  examined.  By  scanning  the  applied  mi¬ 
crowave  frequency  and  monitoring  the  output  ftp 
signal,  the  frequency  response  of  the  sampler  can 
be  obtained  as  shown  in  Fig.G(a),(b),(c). 


F  igure  G(  a  ).  Till  inti  nni.rni<l  rrsponst  of  tin  pirn- 
t.onmtl  nrti  m  sawplir  ns  font  turn  of  fnq  u  i  n  i  </  (in 
fri  ijiu  in  a  ran  <ir  of  tt-'.l.f  CM:). 


Figure  G|c).  Tin  ivfi rvniiiiij  response  of  tin  pho- 
torovil  uctnu  navi  ph. r  as  function  of  fn  qu<  n<  //  tin 
fi  t  qm  vc  I/  ru  nip  of  10-15  GHi>. 


Illuminated  by  20  mw  laser  pulses  with  3ps 
pulse  width  and  0.53/on  wavelength,  the  photo- 
conductive  sampler  exhibits  the  conversion  loss  of 
-79  db  at  low  frequence  and  9-1  db  at  frequency  of 
15  GHz.  The  noise  associated  with  this  sampler 
is  so  small  that  it  is  below  the  noise  level  of  the 
testing  equipment  and  hence  osm  not  be  measured 
in  this  experiment.  This  indicates  that  photocon- 
ductive  sampler  could  offer  higher  sensitivity  than 
E-0  sampler  does. 

Conclusion 

In  conclusion,  an  optical  sampling  system, 
which  can  potentially  be  applied  to  measure  the 
microwave  waveform  beyond  100  GHz,  has  been 
developed.  In  this  system,  both  electro-optic  sam¬ 
pler  and  photoeonduetive  sampler  have  been 
used,  both  samplers  have  exhibited  excellent  per¬ 
formance'.  This  experiment  also  proves  that  the 
phase-lock/sampling  arrangement  is  simple’,  e'eo- 
neimieal  and  fe’asible. 
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Abstract 

All-optical  swept-frequency  measurement  of  the  gain  of 
two  types  of  microwave  integrated  circuits,  a  feedback 
amplifier  and  a  distributed  amplifier,  is  demonstrated.  A 
diode  laser  excites  an  on-chip  photodetector  and  the 
circuit  response  is  measured  with  electro-optic  sampling. 
The  only  physical  contact  probes  are  DC  bias  probes  for 
the  circuit  and  the  on-chip  MSM  photodetector.  The 
optically  measured  gains  compare  favorably  to  indepen¬ 
dent  network  analyzer  measurements  using  contact 
probing.  The  integrated  photodetector  needed  for  signal 
generation  is  process  compatible  with  MMIC  technology, 
occupies  a  small  space  on  the  wafer,  and  requires  no 
additional  processing  steps.  Since  the  yield  of  the  pho¬ 
todetector  is  very  high  compared  to  the  MMICs,  the  all 
optical  test  is  potentially  a  practical  and  low  cost  approach 
for  RF  monitoring  of  circuits. 

imroductiM 

Electro-optic  (EO)  sampling  for  high  speed  measure¬ 
ments  of  electrical  signals  on  integrated  circuits  has  been 
in  experimental  use  for  a  number  of  years  [1-3].  It  utilizes 
the  electro-optic  effect  in  compound  semiconductors  to 
sample  fast  electrical  signals  in  circuits  built  on  such 
materials.  Some  advantages  of  this  technique  overcontact 
probing  are:  1)  The  electro-optic  sampler  can  probe  in 
areas  of  the  circuit  that  are  inaccessible  to  contacting 
probes.  This  is  an  important  advantage  in  testing  com¬ 
plex  circuits.  2)  Contacting  probes  wear  out  and  need  to 
be  replaced.  The  optical  sampler  is  free  from  that 
operating  cost.  3)  Electro-optic  sampling  has  been 
demonstrated  with  a  frequency  bandwidth  exceeding 
100  GHz.  This  limit  far  exceeds  that  of  high  frequency 
probes. 


This  work  extends  a  swept-frequency  EO  sampling 
system  by  replacing  microwave,  sinusoidal  excitation 
typically  supplied  by  a  synthesizer  and  contact  probes 
with  an  optically  generated  sinusoidal  excitation  deliv¬ 
ered  to  an  on-chip  photodetector. 


EO  Sampline  Station 

Figure  1  shows  a  block  diagram  of  the  optical  test  system 
used  in  this  project.  The  laser  produces  <10  psec  pulse 
width  at  a  rate  of  250  MHz,  wavelength  of  1047  nm,  and 
an  output  power  greater  than  100  mW  [4,5].  The  pulses 
are  jitter  stabilized  and  phase  locked  to  a  microwave 
synthesized  source  by  an  electronic  feedback  loop,  re¬ 
ducing  the  jitter  between  the  laser  and  the  synthesizer  to 
less  than  1  psec.  A  bandwidth  of  30  GHz  can  be  achieved 
with  this  system.  This  compact  laser  substitutes  for  a 
combination  of  a  conventional  flashlamp-pumped  mode- 
locked  laser  and  a  pulse  compressor  used  previously  1 1  ]. 
This  substitution  simplifies  the  system  and  reduces  its 
size  considerably.  The  trade-off  is  the  bandwidth,  which 
is  reduced  from  >100  GHz  to  30  GHz. 

The  optical  beam  is  focused  into  the  GaAs  substrate 
where  it  senses  the  microwave  line  voltage  through  the 
electro-optic  effect.  Since  the  testing  was  to  be  made  on 
MMICs  with  microstrip  transmission  lines,  frontside 
probing  was  used,  where  the  probe  beam  first  passes 
through  the  substrate  then  is  returned  to  the  detector  by 
reflection  from  the  backside  ground  plane.  One  problem 
with  frontside  probing  using  pulses  longer  than  the  opti¬ 
cal  transit  time  through  the  GaAs  substrate  is  variations 
in  the  reflected  intensity  due  to  6talon  effects.  This  effect 
makes  signal  calibration  difficult. 
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Figure  1.  Block  diagram  of  the  electro-opic  sampling  system  with  optical  excitation.  The  diode  laser  excitation  beam  is  delivered  near  the 
IR  probe  beam  by  using  a  dicrhoic  beamsplitter,  which  is  ommitted for  clarity. 


The  excitation  beam  is  delivered  through  a  system 
consisting  of  an  X  YZ  stage  with  turning  mirrors  to  allow 
for  horizontal  positioning  of  the  beam  on  the  circuit.  The 
collimated  light  passes  through  a  focusing  lens  (50  mm 
focal  length)  then  is  turned  90°  by  a  dichroic  beamsplitter. 
The  beamsplitter  reflects  the  shorter  wavelength  excita¬ 
tion  beam  but  has  high  transmission  of  the  1047  nm 
infrared  probe  beam,  allowing  the  two  beams  to  be 
independently  positioned  on  the  circuit.  One  disadvan¬ 
tage  of  this  approach  is  that  the  beamsplitter  introduces 
astigmatism  in  the  IR  probe  beam  focused  through  it. 
This  limits  the  IR  spot  size  on  the  test  device.  For  our 
experiments,  we  had  a  spot  size  diameter  of  approxi¬ 
mately  25  pm,  and  consequently  the  astigmatism  intro¬ 
duced  by  the  beamsplitter  was  acceptably  small. 

Optical  Sources  ttCJMicrQ>vave  Signals 

Several  possibilities  exist  for  delivering  microwave  ex¬ 
citation  on  an  optical  beam.  For  our  measurements,  we 
chose  a  commercially  available  laser  diode  that  allowed 
for  modulation  up  to  12  GHz  [6].  The  diode  laser  is 
driven  directly  by  a  microwave  synthesizer,  and  delivers 
an  average  output  power  of  approximately  5  mW  at  a 
wavelength  of  850  nm  through  a  pigtailed  multimode 
fiber.  The  output  from  the  multimode  fiber  was  colli¬ 
mated  with  a  fiber  optic  positioner  assembly  and  deliv¬ 
ered  to  the  EO  station.  The  DC  drive  current  for  the 
device  was  50  mA  typically,  and  to  produce  the  micro- 
wave  modulation  the  device  was  driven  with  approxi¬ 
mately  13  dBm  from  a  microwave  synthesizer. 

The  direct  modulation  diode  laser  sufficiently  meets 


our  key  considerations.  Its  weaknesses  are  its  limited 
modulation  rates  and  its  limited  output  power.  Its  strengths 
are  its  simplicity  and  its  ability  to  be  driven  with  a 
microwave  synthesizer,  allowing  for  vector  measure¬ 
ments.  To  allow  for  improved  modulation  rates  and 
average  power,  we  investigated  a  second  approach  using 
two  single  frequency  lasers  mixed  together  to  generate  a 
microwave  beat  note  in  the  optical  detector.  The  source 
lasers  are  diode  laser  pumped,  monolithic  ring  cavity 
lasers  [7].  They  produce  single  wavelength  light  at  1 .064 
pm  with  a  linewidth  of  less  than  10  kHz.  The  laser  is 
frequency  tuned  slowly  (over  seconds),  with  a  range 
greater  than  20  GHz  by  adjusting  the  temperature  of  the 
laser  crystal.  To  quickly  adjust  (over  microseconds)  the 
laser  frequency  over  a  more  limited  range,  <100  MHz,  a 
piezoelectric  element  attached  directly  to  the  laser  crys¬ 
tal  applies  stress  to  slightly  change  the  cavity  length.  By 
overlapping  two  laser  beams  on  a  photodetector,  a  micro- 
wave  signal  at  the  lasers'  difference  frequency  (a  beat 
note)  is  generated.  By  changing  the  crystal  temperature, 
the  beat  note  can  be  swept  from  DC  to  20  GHz.  Phase 
lc.king  has  also  been  demonstrated  using  the  piezo 
element  to  control  the  laser  frequency  in  a  phase  lock 
loop  [8]. 

To  stimulate  the  GaAs  photodetector,  the  wave¬ 
length  must  be  less  than  850  nm,  and  the  output  of  the 
diode  pumped  lasers  can  not  be  used  directly.  To  gen¬ 
erate  a  short  enough  wavelength,  an  external  resonant 
cavity  frequency  doubling  crystal  is  used  [9].  This  is  a 
way  to  efficiently  generate  light  at  532  nm  from  the  1 .06 
pm  lasers.  Then  the  two  frequency-doubled  single  fre- 
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quency  lasers  are  combined  on  the  GaAs  photodetector  to 
generate  the  difference  frequency.  Note  that  the  range  of 
the  beat  note  is  effectively  doubled,  so  that  a  laser  system 
capable  of  20  GHz  modulation  at  1 .06  pm  would  be 
capable  of  up  to  40  GHz  modulation  at  532  nm. 

MSM  Detectors 

In  the  past  few  years  very  fast  and  efficient  detectors  that 
are  process  compatible  with  MMICs  have  been  reported 
using  the  MSM  structure,  which  consists  of  two  Schottky 
contacts  with  a  depleted  light  gathering  gap  on  undoped 
GaAs.  Electrical  pulses  faster  than  5  psec  have  been 
obtained  [  10],  and  sensitivities  as  high  as  0.25  A/W  have 
been  reported  [11]. 

The  active  material  for  the  photodetector  is  undoped 
GaAs  normally  used  as  a  buffer  layer  in  MMICs.  The 
peak  spectral  response  for  this  material  occurs  at  about 
800  nm.  An  interdigitated  layout  was  chosen  (Fig.  2)  in 
order  to  simultaneously  allow  for  a  small  gap  and  a  large 
light  gathering  area.  The  active  area  of  the  MSM  detector 
is  a  circular  region  100  pm  in  diameter.  One  disadvan¬ 
tage  of  the  interdigitated  structure  is  that  roughly  one- 
half  the  light  is  blocked  by  the  metallization.  A  2  pm  gap 
was  found  to  be  sufficiently  small  for  the  required  speed 
without  putting  stringent  requirements  on  the  lithogra¬ 
phy.  Optical  reflection  from  the  air-GaAs  interface  also 
causes  a  loss  of  signal  in  the  detector.  To  reduce  this 
reflection,  a  process-compatible  anti-reflection  (AR) 
coating  was  implemented,  consisting  of  a  single  layer 
quarter-wave  coating  of  Si02.  This  reduces  the  level  of 
reflections  from  31%  to  less  than  6%. 

In  order  to  avoid  multiple  reflections  on  the  input 
line  and  assure  the  stability  of  the  circuit,  the  MSM 
detector  is  placed  in  a  module  matched  to  the  50Q 
transmission  line.  The  matching  is  done  by  a  shunt  50Q 
resistor  which  also  consumes  half  of  the  output  current. 
The  bias  voltage  of  the  MSM  is  decoupled  from  the 
output  through  an  isolation  capacitor.  The  capacitor 
dielectric  extends  over  the  detector  area  and  serves  as  the 
AR  coating.  Varian's  MMIC  process  normally  uses 
2(XX)A  of  Si02.  This  thickness  had  to  be  reduced  to 
140()A  for  a  quarter-wave  AR  coating.  This  was  the  only 
design  rule  modification  that  the  addition  of  the  source 
module  required. 

Also,  the  output  of  the  circuit  under  test  is  termi¬ 
nated  in  a  50f2  load.  Both  the  photodiode  module  and  the 
load  are  connected  to  the  circuit  by  airbridges  which  can 
be  scribed  away  upon  completion  of  testing. 

Limitations  on  the  frequency  response  of  photode¬ 
tectors  come  from  either  internal  charge  transfer  transit 
time  or  from  the  response  of  the  external  electrical 
circuit.  The  extrinsic  circuit  was  modeled  (Fig.  3)  and  its 
bandwidth  calculated  to  be  39GHz.  Based  on  a  saturated 


velocity  of  GaAs  of  2*107  cm/s,  the  charge  transfer  time 
constant  is  predicted  to  be  10  psec,  corresponding  to  a 
frequency  bandwidth  of  16  GHz.  This  MSM  should 
therefore  operate  in  the  transit  time  limited  regime. 


Figure  2.  Matched  MSM  source  module  for  integration  with  the 
MMIC.  Active  areais  100  pmin  diameter.  Connections  to  the  circuit 
are  made  by  airbridges.  The  top  pad  is  for  DC  bias.  The  dielectric 
used  for  the  isolation  capacitor  also  serves  as  the  AR  coating.  This 
module  is  then  integrated  with  the  amplifier  and  placed  in  a  scribe 
lane  so  that  it  can  be  removed  during  packaging. 


0.84  0.126  nH 


Figure  3.  Equivalent  extrinsic  circuit  model  for  the  MSM 
photodetector.  The  element  values  were  optimized  to  fit  measured 
S  parameter  data.  The  calculated  3  dB  bandwidth  of  the  extrinsic 
circuit  is  39  GHz  for  a  2  pm  gap. 
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Figure  4.  Typical  measured  frequency  response  of  MSM  detector 
module  at  two  bias  voltages,  30V  &  40V. 


The  minimum  required  photodetector  responsivity 
depends  on  the  sensitivity  of  the  sampling  -system.  The 
EO  sampling  system  has  a  typical  sensitivity  of  100  pV 
per  root  Hz.  If  an  averaging  time  of  roughly  one  second 
is  used,  a  signal  level  of  1.0  mV,  corresponding  to  a 
current  of  20  pA  in  a  50  ohm  system,  is  required  for  a  20 
dB  signal  to  noise  ratio.  The  photodetector  should  be 
capable  of  generating  this  current  when  driven  by  the 
diode  laser.  With  a  diode  laser  output  of  5  m  W,  with  one- 
half  of  the  photodetector's  output  current  consumed  for 
matching,  and  assuming  one-half  the  output  power  of  the 
laser  is  delivered  to  the  detector,  the  required  responsivity 
of  the  photodetector  is  16  mA/W  at  the  measurement 
frequency.  For  these  detectors,  we  measured  a  typical 
responsivities  of  10-100  mA/W  at  microwave  frequen¬ 
cies.  Figure  4  shows  as  typical  measured  frequency 
response. 

Measurements  on  MMICs 

Two  different  microstrip  circuits  were  tested  using  the  all 
optical  approach.  One  is  a  2-20  GHz  distributed  amplifier 
with  7-8  dB  of  gain  [12],  The  other  is  a  2-8  GHz  feedback 
amplifier  with  15-20dB  of  gain  [13]. 


Figure  5.  All  optical  measurement  of  the  gain  of  the  feedback 
amplifier  compared  with  measurements  made  by  contacting  probes. 


Figure  6.  All  optical  measurement  of  the  gain  of  the  distributed 
amplifier  compared  with  measurements  made  by  contacting  probes. 


Figures  5  and  6  show  the  measured  voltage  gain  as 
a  function  of  frequency  for  these  two  circuits  using  the  all 
optical  system.  This  data  was  taken  by  measuring  the 
relative  signal  level  at  the  amplifier  output  versus  its  in¬ 
put.  These  measurements  are  made  on  wafer  using  the 
monolithic  integrated  source  module  and  a  500  output 
termination  with  the  circuit  under  test.  Both  figures  also 
show  the  response  of  the  circuit  measured  with  contact¬ 
ing  probes  (dotted  lines).  The  contact  probe  measurements 
were  made  on  similar  amplifiers  which  were  processed 
on  the  same  wafer  without  the  source  and  detector 
modules. 

These  results  can  be  scaled  to  higher  frequencies. 
First,  the  MSM  detectors  can  be  readily  scaled  for  faster 
response.  Simulations  show  a  1 6  pm  diameter  device 
with  0.25  pm  finger  spacing  should  have  a  100  GHz 
bandwidth.  Secondly,  optical  modulation  to  100  GHz 
can  potentially  be  generated  using  two  single-frequency 
lasers  to  generate  a  microwave  difference  frequency 
[12].  Finally,  the  system  response  can  be  improved  by 
reducing  the  10  psec  pulse  width  of  the  diode -pumped 
laser  to  less  than  one  picosecond  using  a  fiber-grating 
pulse  compressor. 
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ABSTRACT 

We  present  a  microstrip  line  that  uses  a  highly  conduct¬ 
ing  cobalt  silicide  layer  buried  7  pm  below  the  surface  of 
single-crystalline  silicon  as  groundplane.  This  novel 
transmission  line  shows  significantly  reduced  dispersion 
for  electrical  pulses  of  100  GHz  bandwidth  compared  to 
a  conventional  microstrip  line  with  the  groundplane  on 
the  back  of  the  substrate.  The  2.5  ps  risetime  (10%-90%) 
of  electrical  pulses  propagating  on  the  line  increases  to 
only  3.7  ps  after  a  distance  of  5  mm  compared  to  an 
increase  from  2.7  ps  to  11.3  ps  on  a  conventional 
microstrip  line. 


INTRODUCTION 

Microstrip  transmission  lines  consisting  of  a  narrow 
center  conductor  and  an  extended  groundplane  are  the 
most  commonly  used  device  interconnections  in 
millimeter-wave  integrated  circuits.  Usually,  the  ground- 
plane  of  a  microstrip  line  is  located  on  the  backside  of 
the  typically  500  pm  thick  semiconductor  wafer  that  car¬ 
ries  the  circuit  elements.  For  frequencies  of  several  GHz 
and  above,  this  simple  scheme  can  lead  to  a  limitation  of 
the  useful  bandwidth  of  ultra-high-speed  electronic  cir¬ 
cuits  because  dispersion  can  significantly  distort  the 
electrical  pulses  propagating  on  the  microstrip  intercon¬ 
nects  [1,2]. 

The  dispersion  is  a  consequence  of  a  change  of  the 
effective  refractive  index  of  the  microstrip  when  the 
wavelength  of  the  electrical  pulse  becomes  comparable 
to  the  separation  h  of  the  center  conductor  and  the 
groundplane.  This  implies,  however,  that  the  onset  of 
dispersion  can  be  shifted  to  higher  frequencies  by 


reducing  the  conductor  spacing.  An  illustration  of  this 
basic  idea  is  given  in  Fig.  1  showing  the  frequency 
dependence  of  the  effective  refractive  index  of  a  5  pm 
wide  microstrip  line  on  a  silicon  substrate  for  different 
values  of  h.  For  a  spacing  of  500  pm  the  microstrip  is 
dispersive  in  the  frequency  range  from  5  GHz  up  to  1 
THz.  Reducing  h  to  10  pm  shifts  the  onset  of  dispersion 
above  100  GHz  and  beyond  the  current  range  of  interest. 
The  actual  implementation  of  a  microstrip  with  small 
conductor  spacing  is  difficult.  Thinning  of  the  substrate 


Fig.  1  Frequency  dependence  of  the  effective  index  of 
refraction  of  a  microstrip  line  for  a  line  width  of 
5  pm.  As  the  spacing  of  the  conductors  is 
reduced,  the  dispersion  is  shifted  to  higher  fre¬ 
quencies. 
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is  not  desirable  because  it  renders  the  wafer  more  fragile 
and  reduces  the  heat-sinking  capability.  A  better  choice 
is  to  fabricate  microstrip  lines  with  both  the  center  con¬ 
ductor  and  the  groundplane  on  top  of  the  wafer. 
Recently,  we  proposed  to  use  a  highly  conducting  sili- 
cide  layer,  buried  a  few  microns  under  the  surface  of  the 
silicon  wafer,  as  groundplane  for  microstrip  lines  [3]. 
This  approach  offers  several  advantages:  (i)  Both  the  si- 
licide  layer  as  well  as  the  silicon  dielectric  on  top  are 
crystalline  and  can  be  used  for  the  definition  and  integra¬ 
tion  of  devices  (4],  (ii)  the  silicide  layer  has  a  room  tem¬ 
perature  conductivity  comparable  to  that  of  evaporated 
aluminum  [10],  and  'iii)  contacting  of  the  buried  silicide 
is  easily  accomplished  through  via-holes  from  the  top 
that  are  opened  by  reactive  ion  etching  with  CF4  or  SF6 
without  problems  because  the  buried  CoSi2  acts  as  a 
stop-etch  layer.  The  microstrip  line  presented  here  also 
compares  favorably  with  coplanar  lines  [5]  because  of 
the  absence  of  radiation  losses  [6]  and  a  reduced 
crosstalk  resulting  from  the  stronger  confinement  of  the 
modes  in  microstrips. 

Here,  we  test  this  novel  transmission  line  concept 
experimentally  by  measuring  the  propagation  charac¬ 
teristics  of  picosecond  electrical  pulses  on  microstrip 
lines  with  buried  groundplane  and  comparing  them  with 
the  characteristics  of  conventional  microstrip  lines. 


SAMPLE  FABRICATION 

A  highly  conducting  buried  silicide  layer  is  created  by 
mesotaxy  [7-10]  in  (100)-oriented  high  purity  (1000 
f2cm)  silicon  wafers  as  well  as  in  lightly  doped  (4-10 
C2cm)  and  highly  doped  (0.01  ficm)  wafers.  The  silicon 
is  first  implanted  with  cobalt  ions  (energy  1.5  MeV)  at  a 
dose  of  8.5  x  1017  cm-2.  Then  the  samples  are  annealed 
at  600  °C  for  1  h,  at  1000  °C  for  45  min  and  finally  at 
1100  °C  for  1.5  h  which  causes  the  cobalt  atoms  to 
coalesce  into  a  single-crystalline  CoSi2  layer,  lattice- 
matched  and  with  sharp  interfaces  to  the  silicon.  The 
silicide  layer  is  3000  A  thick  and  located  9000  A  below 
the  silicon  surface.  Its  room  temperature  resistivity  is 
about  10  pQcm  [10].  In  the  case  of  the  highly  doped 
substrate  all  but  1800  A  of  the  silicon  on  top  of  the  sili¬ 
cide  layer  is  then  etched  away.  On  all  three  samples  a  6  - 
7  pm  thick  epilayer  of  nominally  undoped  silicon  (resis¬ 
tivity  roughly  10  Qcm)  is  grown  on  top  of  the  wafer  by 
chemical  vapor  deposition  (CVD).  This  silicon  regrowth 
allows  us  to  raise  the  impedance  of  the  microstrip  line  to 
approximately  50  Q.  The  epilayer  is  followed  by  a  3000 
A  thick  CVD-grown  Si02-film  that  electrically  isolates 


the  buried  silicide  from  the  center  conductor  of  the 
microstrip  line.  The  center  conductor  consists  of  a  5  pm 
wide,  2700  A  thick  strip  of  aluminum  ending  in  contact 
pads  for  the  bonding  of  wires. 

Fig.  2  displays  a  cross-sectional  view  of  the  micro¬ 
strip  line  with  buried  groundplane.  Unlike  a  conven¬ 
tional  microstrip  line,  the  width  of  the  center  conductor 
in  this  configuration  is  comparable  to  the  separation  of 
the  center  conductor  and  the  groundplane. 


Al  Signal  Conductor 


Si02 

Si-Epilayer 

CoSi2 

Si  Substrate 


Fig.  2  Cross-section  through  the  microstrip  line  with 
buried  groundplane 


For  comparison  of  the  pulse  propagation  characteris¬ 
tics,  we  also  fabricate  microstrip  lines  of  conventional 
design  -  i.  e.  with  the  groundplane  on  the  backside  of  the 
wafer  -  on  500  pm  thick  highly  resistive  (p  =  500  flcm) 
silicon  wafers.  The  dimensions  of  the  center  conductor 
are  the  same  as  those  of  the  microstrip  lines  with  buried 
groundplane. 


MEASUREMENT  TECHNIQUE 

Electrical  pulses  with  a  bandwidth  in  the  100  GHz  range 
are  generated  and  detected  photoconductively  with  side¬ 
sampling  gates  [11]  using  100  fs  optical  pulses  from  a 
colliding-pulse-modelockcd  Rhodamine  6G  dye  laser. 
The  gates  consist  of  5  pm  wide  gaps  between  the  center 
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line  and  10  4m  wide  side  contacts.  A  4000  A  thick  film 
of  polycrystalline  CdTe,  deposited  at  250  °C  by  UV- 
enhanced  MOCVD  on  top  of  the  finished  electrical  cir¬ 
cuit,  is  used  as  photoconductive  material  with  subpi¬ 
cosecond  photocurrent  decay  time  [12,13]. 


RESULTS  AND  DISCUSSION 

Fig.  3  displays  the  detected  waveform  of  an  electrical 
pulse  propagating  on  a  conventional  microstrip  line  for 
distances  of  100  pm,  2  mm  and  5  mm.  The  time  delay 
zero  of  each  curve  is  chosen  to  obtain  coincidence  in 
time  of  the  pulse  maxima.  The  data  are  plotted  normal¬ 
ized  in  height;  the  ratio  of  the  peak  amplitudes  of  the  ori¬ 
ginal  data  is  1  :  0.32  :  0.085.  The  full  width  at  half  max¬ 
imum  (FWHM)  of  the  pulse  detected  after  a  propagation 
distance  of  100  pm  is  3.7  ps.  The  width  and  the  strongly 
asymmetr  c  shape  of  the  pulse  arc  determined  by  the 
microstrip  impedance  Z0  (for  our  structure:  Z0  =  314  ft) 
and  the  capacitance  C,  of  the  side-sampling  gaps  rather 
than  by  the  intrinsic  speed  of  the  photoconductor  [11]. 
For  distances  longer  than  500  pm,  dispersion  manifests 
itself  as  an  increase  of  the  risctimc  and  a  ringing  in  the 
trailing  part  of  the  pulse,  both  resulting  from  the  higher 
speed  of  the  low-frequency  components  of  the  pulse. 
The  10%-90%-risetimc  of  the  pulse  increases  with  the 
propagation  distance  L  from  2.7  ps  for  L  =  100  pm,  to 
5.6  ps  for  L  =  2  mm,  to  1 1.3  ps  for  L  =  5  mm. 


Fig.  3  Time  dependence  of  the  detected  electrical  field 
of  a  pulse  on  a  microstrip  line  of  conventional 
design  (groundplane  on  substrate  backside)  for 
propagation  distances  from  0.1  mm  to  5.0  mm. 


In  Fig.  4,  the  detected  waveform  of  a  pulse  launched  on 
the  buried  groundplane  microstrip  line  (sample  with 
4-10  ftem  substrate  resistivity)  is  shown  for  propagation 
distances  of  100  pm,  2  mm  and  5  mm  at  room  tempera¬ 
ture.  The  data  are  plotted  normalized  in  height,  the  peak 
amplitude  ratio  of  the  unnormalized  data  is  1  :  0.31  : 
0.062.  For  a  propagation  distance  of  100  pm,  the  pulses 
generated  on  this  microstrip  line  are  shorter  (FWHM: 
2.0  ps)  and  less  asymmetric  than  those  generated  on  the 
conventional  microstrip  which  we  attribute  to  the 
smaller  characteristic  impedance  Z0  =  52  ft.  We  cannot 
detect  any  ringing  in  the  trailing  end  of  the  pulses  at  any 
propagation  distance.  However,  the  losses  at  room  tem¬ 
perature  are  quite  large  and  affect  the  high-frequency 
peak  of  the  pulse  more  than  the  low-frequency  trailing 
pedestal  which  makes  the  pedestal  appear  to  increase 
with  distance  after  normalizing  the  data.  This  pedestal 
presumably  originates  from  a  residual  hopping  conduc¬ 
tivity  in  the  photoresponse  of  the  CdTc-film.  The  10%- 
90%-risetime  of  the  pulse  detected  after  a  distance  of 
100  pm  is  2.5  ps  and  increases  only  slightly  to  3.7  ps 
after  5  mm  propagation. 

To  determine  whether  the  losses  occur  predominandy  in 
the  conductors  or  in  the  silicon,  we  repeat  our 


Fig.  4  Time  dependence  of  the  detected  electrical 
pulse  propagating  on  a  microstrip  line  with 
buried  silicide  groundplane.  Propagation  dis¬ 
tances  are  0.1  mm,  0.2  mm  and  5.0  mm.  The 
reflection  of  the  pulse  on  the  contact  pad  pro¬ 
duces  the  dip  in  the  curve  for  5  mm  distance  18 
ps  after  time  delay  zero. 
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measurements  on  the  buried  groundplane  microstrip  line 
at  reduced  sample  temperatures.  Fig.  S  displays  the 
waveforms  detected  after  propagation  distances  of  100 
pm  and  S  mm  for  a  temperature  of  10  K.  The  risetime  of 
the  pulse  detected  after  a  propagation  distance  of  100 
pm  is  2.5  ps  and  its  full  width  at  half  maximum  1.6  ps. 
To  our  knowledge,  this  represents  the  shortest  electrical 
pulse  generated  on  a  microstrip  line.  No  pedestal  is 
observed  in  the  trailing  part  of  the  pulse  supporting  the 
interpretation  of  the  room  temperature  data  that  this 
pedestal  results  from  the  thermally  activated  hopping 
conductivity  in  the  CdTe  photoconductor. 


to  0.35  relative  to  the  height  of  the  pulse  after  propagat¬ 
ing  100  pm.  This  value  is  more  than  five  times  higher 
than  the  corresponding  relative  amplitude  of  0.062 
obtained  at  room  temperature,  indicating  stxongly 
reduced  propagation  losses  at  low  temperatures.  The 
risetime  of  the  pulse  has  not  changed  during  propagation 
while  its  full  width  at  half  maximum  has  slightly 
increased  to  2.1  ps.  Meaningful  for  a  bipolar  pulse  is 
also  the  width  measured  from  the  10%-point  in  the  lead¬ 
ing  part  of  the  pulse  to  the  -10%-poi.it  at  the  end  of  the 
negative  lobe;  this  10%-(-10%)-width  is  8.8  ps.  The  only 
slight  increase  in  risetime  and  full  width  at  half  max¬ 
imum  as  well  as  the  observation  that  the  10-(-10%)- 
width  is  even  smaller  than  the  risetime  of  11.3  ps  of  a 
pulse  after  propagating  5  mm  on  a  conventional  micro¬ 
strip,  indicate  the  strongly  reduced  dispersion  on  a 
buried  groundplane  microstrip  line.  The  reduction  of 
pulse  broadening  is  even  more  significant  taking  into 
account  that  the  pulses  generated  on  the  buried  ground- 
plane  raicrostrip  line  are  shorter  and  have  about  twice 
the  bandwidth  (200  GHz)  of  those  generated  on  the  con¬ 
ventional  microstrip  and  therefore  should  be  more 
strongly  affected  by  dispersion. 

The  reflection  of  the  pulse  on  the  contact  pad  allows  us 
to  determine  the  attenuation  of  the  electrical  signal  per 
unit  propagation  distance  by  comparing  the  relative 
heights  of  the  original  and  the  reflected  pulse.  The  ratio 
of  the  peak  heights  has  to  be  corrected  for  the  reflection 


Fig.  5  Pulse  propagation  on  the  silicide  groundplane 
microstrip  at  low  temperature  (T  =  10  K).  Pro¬ 
pagation  distances  are  0.1  mm  and  5.0  mm.  The 
inverted  signal  18  ps  after  time  delay  zero  in  the 
data  for  5  mm  distance  is  a  reflection  from  the 
contact  pad. 


After  propagating  5  mm,  the  pulse  develops  a  negative 
lobe  at  the  trailing  end  that  extends  to  about  10  ps  after 
time  delay  zero.  The  inverted  signal  18  ps  after  the  main 
pulse  is  a  reflection  from  the  contact  pad  of  the  micros¬ 
trip  line  that  is  1  mm  away  from  the  sampling  gatf .  We 
can  also  observe  this  reflected  pulse  in  the  room  tem¬ 
perature  data  for  a  propagation  distance  of  5  mm  in  Fig. 
4  and  -  not  so  obviously  -  in  the  corresponding  data  of 
Fig.  3.  The  bipolar  shape  of  the  pulses  can  be  explained 
qualitatively  by  residual  dispersion,  although  calcula¬ 
tions  with  a  standard  model  [2]  do  not  yield  quantitative 
agreement  with  the  experiment.  The  peak  amplitude  of 
the  pulse  has  decreased  after  5  mm  propagation  distance 
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Fig.  6  Temperature  dependence  of  the  power  attenua¬ 
tion  of  a  picosecond  pulse  propagating  on  the 
microstrip  line  with  buried  groundplane. 


Picosecond  Electronics  and  Optoelectronics 


165 


coefficient,  r^,  of  the  boundary  between  the  center  con¬ 
ductor  and  the  contact  pad.  r^  is  given  by  the 
impedance  ratio  (Z  p*d  -Z  0  )/(Z  +Z  0 )  which  in  our  case 
is  calculated  to  be  -0.94.  Fig.  6  displays  the  attenuation 
constant  determined  from  the  peak  height  ratio  as  a  func¬ 
tion  of  the  sample  temperature.  The  attenuation  constant 
at  10  K  is  about  3.5  dB/mm  smaller  than  at  room  tem¬ 
perature.  It  increases  rapidly  with  temperature  around  60 
K,  but  hardly  changes  from  100  K  to  room  temperature. 
This  suggests  that  the  losses  at  room  temperature  are 
predominantly  dielectric  losses  due  to  the  conductivity 
of  the  silicon  which  decreases  dramatically  at  low  tem¬ 
peratures  because  of  freeze-out  of  the  carriers.  The 
observation  that  the  attenuation  changes  only  slightly 
from  100  K  to  300  K,  whereas  the  conductivity  of  CoSi2 
decreases  by  nearly  a  factor  of  five  over  this  temperature 
range  [10],  further  supports  the  conclusion  that  losses  in 
the  groundplane  contribute  little  to  the  total  losses. 

To  further  narrow  down  the  origin  of  the  losses  we 
repeat  the  room  temperature  measurements  on  the  sam¬ 
ple  with  a  substrate  resistivity  of  1000  Gem.  The 
detected  waveforms  and  the  losses  are  very  similar  to 
those  obtained  for  the  lightly  doped  substrate  which 
leads  us  to  the  conclusion  that  the  unintentional  doping 
of  the  epilayer  of  regrown  silicon  is  the  principal  source 
for  the  losses. 

Measurements  on  the  sample  fabricated  on  a  highly 
doped  (0.01  Gem)  substrate  reveal  strongly  increased 
room  temperature  losses  that  do  not  allow  us  to  detect  a 
pulse  after  propagation  distances  of  more  than  3  mm. 
The  additional  losses  occur  in  part  in  the  1800  A  thick 
layer  of  highly  doped  silicon  that  was  left  on  top  of  the 
silicide  layer  after  the  etch-back  procedure.  The  pulse 
also  suffers  further  attenuation  in  the  substrate  below  the 
silicide  because  the  electrical  field  penetrates  to  some 
extent  through  the  silicide  layer. 


SUMMARY 

Concluding,  we  have  shown  that  a  microstrip  line  with  a 
buried  silicide  groundplane  has  significantly  lower 
dispersion  than  conventional  microstrips  for  electrical 
pulses  of  roughly  100  GHz  bandwidth.  The  measured 
losses  of  the  buried  groundplane  line  are  dominated  at 
room  temperature  by  the  residual  doping  in  the  silicon 
epilayer,  as  indicated  by  experiments  on  samples  of  dif¬ 
ferent  doping  density  and  by  low  temperature  measure¬ 
ments,  where  dopant  carriers  are  frozen  out  and  a 
significant  decrease  in  attenuation  is  observed.  The  sili¬ 
cide  layer  does  not  seem  to  contribute  greatly  to  the  loss. 


Therefore  we  have  demonstrated  that  the  use  of  a  buried 
silicide  goundplane  lowers  dispersion  significantly 
without  incurring  an  additional  loss  penalty.  The  buried 
groundplane  microstrip  line  can  be  readily  integrated  in 
high-speed  circuits  if  a  silicon  epilayer  is  either  not 
needed  or  can  be  grown  with  high  purity. 
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ABSTRACT 

Several  classes  of  superconductive,  passive 
microwave  devices  have  been  demonstrated  at 
temperatures  as  high  as  77  K  using  thin  films  of  the 
hign-Tc  superconductor  YBa2Cu3<J7_x.  The  devices 
include  long  delay  lines,  tapped-delay-line  transversal 
filters  with  multigigahertz  bandwidths  and  time- 
bandwidth  products  as  large  as  30,  and  narrowband 
(from  one  to  three-percent  bandwidth)  microstrip 
filters.  A  GaAs  sample-and-hold  circuit  was  also 
operated  at  77  K  along  with  a  YBa2Cu307_x  microstrip 
delay  line  to  simulate  a  pre-trigger  function  ana 
demonstrate  the  compatibility  of  semiconductors  and 
high-temperature  superconductors  at  moderate 
cryogenic  temperatures.  The  successful  operation  of 
these  superconductive  devices  demonstrate  that  thin 
films  of  high-temperature  superconductors  can  be 
patterned  into  useful  devices  and  the  devices  illustrate 
the  potential  performance  advantages  superconductive 
thin  films  offer  to  the  designer  of  a  high-frequency, 
wide-bandwidth  analog  signal  processing  system. 

INTRODUCTION 

The  low  conductor  loss  of  superconducting  materials 
makes  it  possible  to  build  passive  microwave  devices 
that  cannot  be  built  with  normal  conductors.  These 
devices  are  particularly  suited  to  high-frequency,  wide- 
bandwidth  analog  signal  processing  applications  [1], 
The  very  low,  but  still  finite  surface  resistance  of 
superconductors  can  be  understood  by  considering  a 
simple  two-fluid  model  for  a  bulk  superconductor  fzj. 
The  two-fluid  model  separates  the  conduction  band 
carriers  (electrons  for  low-Tc  materials,  holes  for  high- 
Tc  materials)  into  two  fluids.  One  fluid  contains  me 
paired  carriers  that  have  condensed  into  the 
superconducting  state  and  a  second  fluid  contains  the 
rest  of  the  earners  remaining  in  the  normal  state.  It 
requires  a  finite  amount  of  energy  to  break  a 
superconducting  pair  up  into  two  normal  particles. 
This  pair  binding  energy  acts  as  a  superconducting 
energy  gajp  for  the  formation  of  unpaired,  normal 
carriers.  Thus,  the  number  of  normal  carriers  is 
temperature  dependent  and  only  at  T  =  0  are  all  of  the 


carriers  in  an  ideal  superconductor  condensed  into  the 
superconducting  state.  The  two  fluids,  normal  and 
superconductive  pairs,  flow  in  parallel  in  response  to 
an  applied  electric  field.  The  paired  superconducting 
earners  are  dissipationless  because  they  cannot  be 
scattered  without  breaking  pairs,  but  have  a  finite  mass 
and  therefore  are  modeled  as  an  inductance.  The 
normal  earners  are  subject  to  dissipation  and  therefore 
represent  a  resistance  in  parallel  with  the  inductance  of 
the  superconducting  pairs.  For  dc  applied  currents  the 
superconductor  is  clearly  lossless  since  the 
superconducting  pairs  carry  all  of  the  current. 
However,  at  ac  frequencies  a  voltage  develops  across 
the  inductance  that  is  out  of  phase  with  the  applied 
current.  This  voltage  drives  an  in-phase  current 
through  the  fluid  in  the  normal  state,  dissipating 
energy.  The  presence  of  the  superconducting  pairs  ana 
the  small  number  of  normal  carriers  produces  a 
conductor  with  very  little  loss  at  microwave 
frequencies.  In  an  ideal  superconductor,  the  loss  can 
always  be  reduced  by  lowering  the  temperature  since 
the  number  of  normal  carriers  is  thermally  activated. 

Recent  advances  in  thin-film  deposition  techniques 
for  high-temperature,  copper-oxide  superconductors 
have  made  possible  the  demonstration  of  surface 
resistances  well  below  that  of  cooled  copper  at  77  K. 
Figure  1  diagrams  the  current  state  of  tne  art  in  thin 
films  of  the  high-temperature  superconductor 
YBa2Cu307.x  (YBCO)  by  plotting  the  surface 
resistance  as  a  function  of  frequency  for  thin  films  of 
YBCO  as  well  as  several  benchmark  curves  (copper  at 
77  K,  superconducting  niobium  at  4.2  K,  and 
superconducting  Nb3Sn  at  4.2  K).  Because  YBCO 
films  typically  are  chemically  sensitive  and  the  YBCO 
can  degrade  during  patterning,  especially  at  the  edges 
of  a  transmission  line  where  the  currents  peak, 
measured  surface  resistance  is  shown  for  bo  ’ 
patterned  and  unpattemed  films.  The  cross-hatched 
region  represents  the  surface  resistance  obtained  on 
patterned  films  used  in  this  work.  The  "LL,  77  K" 
curve  represents  the  latest  results  on  a  patterned 
stripline  resonator  [3].  To  illustrate  the  potential 
performance  of  YBCO,  theoretical  curves  obtained 
using  the  standard  two-fluid  model  for  the  surface 
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Figure  1.  Measured  surface  resistance  versus 
frequency  for  cooled  copper  and  for  superconducting 
niobium,  Nb3Sn,  and  YBCO.  Values  for  both 
patterned  and  unpatterned  YBCO  films  are  shown. 
Theory  curves  for  YBCO  were  generated  using  the  two- 
fluid  model.  The  latest  results  on  a  patterned  YBCO 
stripline  resonator  (1.3  x  1.3  cm  LaAlOj  substrate)  are 
also  shown  for  comparison  [3], 

resistance  of  YBCO  [2]  are  also  plotted.  The 
parameters  used  were  A*,  =  150  nm,  Tc  =  93  K,  and 
an  =  2  x  106  ft-1  nr1.  It  should  be  noted  that  the 
Siemens/Wuppertal  data  point  at  77  K  is  within  a  factor 
of  two  of  the  prediction  of  the  two-fluid  model  if  the 
actual  Tc  of  that  film  is  used  in  the  model. 

Figure  2  shows  the  propagation  losses  for  a 
collection  of  transmission  media  at  microwave 
frequencies  [2],  The  copper  and  YBCO  stripline 
geometry  is  a  175-n.m-wide  signal  line  with  1000  pm 
of  ground  plane  spacing  using  a  substrate  with  =  10. 
For  a  given  surface  impedance  and  transmission  line 
impedance,  the  propagation  losses  caused  by  the 
conductor  increase  as  dielectric  thickness  is  decreased. 
Dielectric  loss  is  neglected  in  Figure  2.  For 
comparison,  losses  are  calculated  using  typical  values 
of  surface  resistance  measured  for  patterned  YBCO 
devices  (shaded  region).  Theoretical  values  of  loss  for 
YBCO  are  based  on  the  two- fluid  model. 

The  low  conductor  loss  of  a  superconductor  can  be 
used  quite  readily  in  two  general  classes  of  passive 
microwave  devices.  Long  delay  lines  take  advantage 
of  the  low  propagation  loss  and  dispersionless  nature 
of  a  thin  film  superconductor,  ana  resonator-based 
filters  take  advantage  of  the  large  conductor  quality 
factor  (O)  that  can  be  obtained  using  thin-film 
superconductors. 

THIN  FILMS  AND  DEVICE  FABRICATION 

Two  types  of  growth  techniques  were  used  to  deposit 
thin  films  of  YBCO.  The  first  technique  is  an  ex-situ- 

rowth  process  in  which  amorphous  YBCO  is 

eposited  on  a  substrate  by  co-evaporation  of  BaF2,  Y, 
and  Cu  followed  by  a  post-deposition  annealing, 
typically  at  850  'C  in  flowing  O2  containing  water 
vapor  to  remove  the  fluorine  [4],  The  second 
technique  is  an  m-jifu-growth  process  using  off-axis 
single-target  sputtering  p],  with  substrate  temperatures 
typically  between  600-700  ’C.  The  postannealed 

Kcess  [6J  and  the  in-situ  sputtering  process  [7]  have 
n  applied  successfully  to  produce  large-area  films 


with  good  uniformity  over  50-mm-diameter  areas 
[6,7].  Uniformity  is  crucial  in  obtaining  low  values  of 
surface  resistance  and  correspondingly  good 
microwave  performance.  The  postannealing  process 
can  also  be  used  to  produce  films  on  both  sides  of  a 
substrate  by  annealing  both  sides  simultaneously, 
while  the  current  in-sim-sputtering  process  is  limited  to 
single-sided  film  production  because  silver  paste  is 
used  to  mount  the  back  side  of  the  substrate  to  the 
substrate  heater  block.  However,  the  postannealing 
process  is  apparently  incapable  of  growing  fully  c-axis- 
oriented  films  of  YBCO  at  film  thicknesses  of  greater 
than  300  nm,  and  multilayer  film  deposition  is  also 
precluded.  Thus,  optimized  in-Situ-growth  processes 
should  ultimately  provide  the  best  YBCO  thin  films. 


Figure  2.  Propagation  loss  per  meter  as  a  function  of 
frequency  for  various  transmission  media.  Theoretical 
values  for  YBCO  stripline  are  based  on  the  two-fluid 
model. 

Typical  YBCO  film  thicknesses  used  in  this  work  are 
200- j00  nm.  Patterning  of  the  YBCO  signal  line  was 
accomplished  with  standard  AZ 1470  photoresist  and  a 
spray  etch  of  0.25-percent  H2PO4,  which  successfully 
prevented  the  formation  of  a  residual  film  typically 
found  with  other  wet-etching  methods.  Undercutting 
of  1-2  pm  is  typical  for  this  etch  and  these  YBCO  film 
thicknesses.  Figure  3  illustrates  the  excellent  pattern 
definition  obtained  with  this  etch  technique.  The  twin 
boundaries  visible  in  the  LaA103  substrate  result  from 
the  structural  phase  transition  that  occurs  in  this 
material.  The  twin  boundaries  clearly  create  a  local 
variation  in  the  index  of  refraction  at  optical 
wavelengths  and  they  also  produce  a  rough  surface 
since  the  twin  boundaries  polish  preferentially.  A 
trilayer  resist  (PMMA/Ti/AZ1470)  and  liftoff  process 
were  used  to  pattern  1 .5-pm-thick  silver  contacts  on 
the  signal  line.  The  trilayer  resist  was  used  so  that  the 
chemically  sensitive  YBCO  was  not  exposed  to  AZ 
photoresist  developer.  Low-resistance  ohmic  contacts 
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were  produced  by  annealing  the  structure  at  400  *C  in 
flowing  O2.  Final  packaging  is  performed  using 
ultrasonic  wedge  bonding  of  aluminum  ribbon  directly 
to  the  annealed  silver  ohmic  contacts  on  the  signal  line 
to  form  highly  reliable  contacts.  A  4-jim-thick,  e-beam- 
evaporated  silver  film  was  used  to  form  the  device 
ground  planes. 


1  mm  100  pm 


Figure  3.  Photograph  taken  with  an  optical 
microscope  (in  transmitted  light)  of  patterned  YBCO 
lines  on  LaA103  substrate.  Pattern  definition  of  the 
YBCO  is  excellent.  Twin  boundaries  in  the  LaA103 
are  clearly  visible. 

TAPPED-DEL AY-LINE  CHIRP  FILTERS 

Most  analog  signal  processing  structures  are  variations 
of  the  transversal  filter.  A  tapped  delay  line  can  be 
used  to  implement  matched  filtering,  correlation,  and 
Fourier  transformation.  Compact  transversal  filters  in 
the  form  of  tapped  delay  lines  have  previously  been 
fabricated  from  superconducting  niobium  to  operate 
with  multigigahertz  signal  processing  bandwidths 
[8,9],  One  example  of  a  fixed-tap-weight  transversal 
filter  is  a  linearly  frequency  modulated  delay  line  or 
chirp  filter.  Figure  4  snows  the  architecture  of  a  chirp 
filter  made  using  superconducting  striplines  with  a 
cascaded  series  of  backward-wave  couplers,  in  this 
case  forming  a  down-chirp.  Each  coupler  has  a  peak 
response  at  the  frequency  for  which  it  is  1/4 
wavelength  long.  By  making  the  length  of  the 
couplers  inversely  proportional  to  the  distance  down 
the  line,  the  filter  has  a  local  resonant  frequency  which 
is  a  linear  function  of  delay.  Design  of  the  stripline 
chirp  filters  is  based  on  coupling  of  modes  theory  [8]. 

Figure  5  diagrams  the  enhancement  of  the 
signal/noise  ratio  through  the  use  of  a  matched  filter. 
Tne  impulse  response  of  the  filter  is  equal  to  the  time- 
reverse  of  the  signal  to  be  processed.  The  noise 
entering  the  filter  will  suffer  tne  insertion  loss  of  the 
filter,  but  the  matched  signal  will  have  its  energy 
compressed  coherently  into  a  quasi-impulse 
(compressed  pulse).  The  filter  effectively  forms  the 
autocorrelation  of  the  signal.  The  width  of  the  center 
lobe  of  the  autocorrelation  is  inversely  proportional  to 
the  bandwidth  (B)  of  the  waveform.  In  tne  case  of 
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Figure  4.  Chirp  filter  architecture  and  instantaneous 
frequency  of  the  impulse  response  of  a  down-chirp 
filter.  A  typical  superconducting  niobium-on-silicon 
chirp  filter  can  contain  hundreds  of  backward-wave 
couplers. 


comparable  signal  and  noise  powers,  the  correlation 
peak  rises  well  above  the  level  of  the  noise  at  the  filter 
output.  This  improvement  in  signal/noise  ratio  is 
referral  to  as  processing  gain  and  is  given  by  the  time- 
bandwidth  (TB)  product  in  an  ideal  filter.  The  TB 
product  represents  the  number  of  information  cycles  of 
the  waveform  gathered  coherently  in  the  filter.  The  TB 
is  typically  in  the  range  of  100  to  1000  (20-30  dB). 
To  realize  the  full  processing  gain,  the  dynamic  range 
of  the  filter  must  significantly  exceed  the  Tb  product. 
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Figure  5.  Signal/noise  ratio  enhancement  illustrating 
the  signal  processing  gain  of  a  matched  filter. 

Near-term  projections  for  the  signal  processing  gain 
available  from  various  technologies  are  shown  in 
Figure  6  [2].  A  model  [10]  for  the  digital 
implementation  of  continuous  signal  filtering  was  used 
to  determine  the  analog  signal  processing  possible  with 
a  Cray-2  computer  with  2  Giga-operations-per-second 
(GOPS)  and  a  dedicated  parallel  processor  operating  at 
10  GOPS.  Recent  advances  in  charge  coupled  devices 
(CCD),  acoustic  charge  transport  (ACT)  devices, 
surface  acoustic  wave  (SAW)  devices,  and  acousto¬ 
optic  (AO)  devices  are  included  for  comparison. 
Projections  for  superconducting  Nb  tapped  delay  lines 
are  made  by  imposing  the  physical  constraints  that  the 
lines  be  50-fl  lines  on  50-mm-diameter  substrates  with 
a  dielectric  constant  of  10.  A  maximum  of  five 
substrates  can  be  stacked  to  form  one  continuous  delay 
line.  Ground  plane  spacing  is  allowed  to  vary  from 
10  pm  to  several  hundred  microns.  Line-to-line 
isolation  is  typically  55  dB  and  this  determines  the 
maximum  amount  of  delay  that  can  be  obtained  on 
five,  50-mm-diameter  substrates.  The  maximum 
operating  frequency,  assuming  3  dB  of  loss  can  be 
tolerated,  is  then  calculated  using  known  values  of 
surface  resistance,  neglecting  dielectric  loss,  and  using 
a  67-percent  fractional  bandwidth.  Eventually  a  limit 
of  one-fourth  of  the  dielectric  wavelength  must  be 
placed  on  the  ground  plane  spacing,  limiting  the 
bandwidth  at  the  highest  frequencies.  Projections  for 
YBCO  devices  were  made  using  surface  resistances 
calculated  from  the  theoretical  two-fluid  model,  as 
plotted  in  Figure  1 .  The  signal  processing  capability  of 
a  Cray-2  computer  (GOPS)  falls  more  than  an  order  of 
magnitude  short  of  the  signal  processing  capability  of 
the  most  recent  YBCO  chirp  device  (shown  as  the 
triangular  data  point  in  Figure  6). 
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Figure  6.  Near-term  projections  of  signal  processing 
capabilities  for  various  technologies  [see  Ref.  2]. 
Represented  are  digital  signal  processing  (DSP), 
charge-coupled  device  (CCD),  acoustic  charge 
transport  (ACT),  surface  acoustic  wave  (SAW), 
acousto-optic  (AO),  and  superconducting  delay  lines 
using  Nb  and  YBCO.  Projections  for  YBCO  are  based 
on  the  theoretical  values  of  surface  resistance  shown  in 
Fig.  1 .  The  triangular  data  point  represents  the  time- 
bandwidth  product  of  30  for  the  most  recently 
demonstrated  YBCO  tapped-delay-line  chirp  filter 
operated  at  77  K  (see  Fig.  7).  The  closed  circles 
represent  previous  demonstrations  of  superconducting 
chirp  filters  using  niobium-on-silicon  substrates  (see 
Ref.  9) 

Figure  7  shows  the  most  recent  YBCO  chirp  filter 
ready  for  final  packaging.  This  device  was  fabricated 
using  an  in-situ  sputtered  YBCO  film  grown  at 
Conductus  on  a  50-mm-diameter  LaA103-  The  film 
had  a  uniform  transition  temperature  of  approximately 
90  K.  This  device  has  11.5  ns  of  dispersive  delay 
with  48  backward- wave  couplers  and  14  ns  of  total 
delay.  The  device  has  a  bandwidth  of  2.7  GHz  and  a 
time-bandwidth  product  of  30.  The  chirp-filter  design 
incorporates  a  tapered-line  impedance  transformer  so 
that  the  tapped  portion  of  the  filter  could  be 
implemented  with  40-Q,  120-p.m-wide  lines  on  a 
50-mm-diameter,  500-pm-thick  LaA103  substrate.  The 
use  of  '20-pm-wide  line  was  crucial  to  the  success  of 
this  design  based  on  previous  work  with  YBCO  delay 
lines  [if].  The  fabrication  of  narrow  YBCO  signal 
lines  is  very  difficult  due  to  film  nonuniformities  and 
defects  introduced  during  photolithography  and 
patterning. 

Figure  8  shows  the  frequency-domain  response  of 
the  chirp  filter  shown  in  Figure  7.  The  agreement  with 
design  is  quite  good.  Recall  that  the  output  of  this 
filter  is  produced  by  backward-wave  coupling  a  signal 
to  a  second  line.  The  5  dB  of  insertion  loss  actually 
represents  fairly  strong  coupling  between  the  lines. 
Propagation  loss  is  immeasurable.  Figure  9  is  a  plot  of 
the  group  delay  (derivative  of  the  phase  versus 
frequency)  of  the  down-chirp  response  for  this  chirp 
filter.  No  attempt  was  made  to  smooth  this  data.  Time- 
domain-reflectometery  data  also  indicates  excellent 
performance  from  this  filter  [  12].  The  filter  produced  a 
chirp  waveform  at  temperatures  as  high  as  89  K. 


Figure  7.  Flat-weighted  YBCO  chirp  filter  fabricated 
on  50-mm-diameter  LaAlO 3  with  1 1.5  ns  of  dispersive 
delay  and  14  ns  of  total  delay.  Klopfenstein-taper 
impedance  transformers  make  the  transition  between 
the  narrow  50-Q  input  lines  and  the  wider  40-0 
tapped  delay  lines. 


Figure  8.  Designed  and  measured  performance  at 
77  K  of  the  YBCO  chirp  filter  shown  in  Fig.  7. 
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Figure  9.  Group  delay  in  the  down-chirp  mode  as  a 
function  of  frequency  at  77  K  for  the  YBCO  chirp  filter 
shown  in  Fig.  7. 


DELAY/SAMPLER  CIRCUIT  USING  GaAs 
AND  YBCO  AT  77  K 

The  possibility  of  combining  high-temperature 
superconductors  and  semiconductor  components  at 
cryogenic  temperatures  is  very  exciting  from  a  high- 
performance  systems  standpoint.  A  very  simple 
demonstration  of  combined  semiconductor  and 
superconductor  performance  at  77  K  was  made  using 
postannealed  YBCO  microstrip  delay  lines  and  a  track- 
and-hold  circuit  fabricated  with  GaAs  permeable  base 
transistors  (PBT).  The  combined  operation  simulated 
an  oscilloscope  pretrigger  function.  The  YBCO 
microstrip  delay  line  device  is  shown  in  Figure  10. 
The  device  contains  two  50-0  microstrip  delay  lines, 
1.5  and  7  ns  ir.  length,  with  160-ttm-wide  linewidths. 
This  device  was  designed  as  a  YBCO  delay  line  test 
vehicle  [13].  Successful  operation  of  this  device 
preceded  the  design  and  fabrication  of  the  YBCO  chirp 
filters  and  maae  clear  the  importance  of  wide 
linewidths  in  fabricating  long  YBCO  delay  lines. 

A  simplified  circuit  schematic  of  the  track-and-hold 
circuit  is  shown  in  Figure  1 1.  The  simplified  circuit 
schematic  does  not  show  the  input  PBT  source- 
follower  that  functioned  as  an  input  buffer.  The  delay 
line  device  and  the  track-and-hold  device  were 
packaged  separately  but  were  operated  side-by-side 
immersed  in  liquid  nitrogen.  Figure  12  is  a 
photograph  of  the  GaAs  hybrid  track-and-hold  circuit. 
Measurements  indicated  a  tracking  bandwidth  of  2.6 
GHz.  A  dynamic  range  of  45  dB  was  obtained  from 
spectrum  analyzer  and  noise-floor  measurements. 
SPICE  simulations  predicted  a  tracking  bandwidth  of  3 
GHz  with  a  2-pF  hold  capacitor. 

Figure  13  shows  a  step-function  signal,  time 
reversed  by  the  measurement  apparatus,  sampled  by 
the  track-and-hold  with  (left  edge)  and  without  (right 
edge)  the  insertion  of  the  two  YBCO  delay  lines  at 
77  K.  Note  that  the  step  edge  is  faithfully  reproduced 
consistent  with  the  2.6  GHz  tracking  bandwidth.  Note 


also  that  there  is  some  insertion  loss  (-1.5  dB) 
measurable  in  the  7  ns  delay  line.  The  insertion  loss  of 
the  7  ns  delay  line  resulted from  the  patterned  YBCO 
line  crossing  several  narrow  scratches  that  existed  on  a 
small  area  of  the  substrate  before  thin  film  growth. 

The  YBCO  that  grew  over  the  scratches  apparently  had 
either  a  degraded  transition  temperature  or  a  very 
broadened  resistive  transition.  In  an  attempt  to  repair 
the  damaged  region,  a  silver  patch  was  applied  to  this 
small  area  in  the  same  manner  as  ohmic  contacts  were 
placed  at  the  inputs  to  the  lines.  This  ohmic  patch 
completely  eliminated  the  1.5  dB  insertion  loss. 
Subsequent  time-domain-reflectometry  (TDR) 
measurements  indicated  that  the  patch  completely 
repaired  the  line  since  no  abrupt  change  in  the  TDR 
signal  was  observed  at  the  position  of  the  scratches 
after  the  patch  had  been  put  in  place  and  annealed. 


Figure  10.  Microstrip  delay  lines  (1.5  ns  and  7  ns) 
fabricated  from  postannealed  YBCO  on  50-mm- 
diameter  LaAK>j. 


Figure  1 1 .  Simplified  schematic  of  the  combination  of 
a  YBCO  delay  fine  and  GaAs  track-and-hold  circuit. 


172 


Picosecond  Electronics  and  Optoelectronics 


Figure  12.  Photograph  of  hybrid  track-and-hold 
circuit  implemented  with  GaAs  permeable  bas** 
transistors. 


Figure  1 3.  Pulse  response  of  the  track-and-hold  circuit 
shown  in  Figs.  1 1  and  12  operated  at  77  K  with  and 
without  a  YBCO  microstrip  delay  line  (shown  in  Fig. 
10). 

RESONATOR-BASED  BANDPASS  FILTERS 

The  Q  of  normal-metal  microstrip  lines  is  too  low  to 
support  the  low  insertion  loss  ana  sharp  filter  skirts 
needed  for  channelizing  microwave  communication 
bands  on  communication  satellites,  where  nearly 
lossless  filters  with  bandwidths  less  than  3  percent  are 
required.  Superconducting  microstrip  filters  could 
eventually  replace  the  dielectrically  loaded  cavity  filters 
currently  in  use  with  a  significant  reduction  in  weight 
of  a  multiplexing  filter  bank  requiring  dozens  of  filters. 
In  addition,  the  potential  exists  to  produce 
superconducting  filters  with  much  sharper  filter  skirts 
so  that  communication  bands  can  be  utilized  more 
efficiently.  Figure  14  shows  a  four-pole  YBCO  filter 
that  operates  at  4.8  GHz  with  a  1.3%  bandwidth.  This 
filter  was  redesigned  from  an  original  four-pole,  3 %- 
bandwidth  filter  [  1 4 1  to  reduce  the  sensitivity  of  the 
filter  to  variations  in  linewidth  and  substrate  dielectric 
constant.  Due  to  inaccuracies  in  microwave  CAD 
packages  for  large  dielectric  constants  (Er  -  24  for 
LaAlOi),  design  of  the  bandpass  filters  was 
accomplished  in  a  semi -empirical  fashion  (14).  A  first 
iteration  was  designed  using  an  existing  CAD  package. 
Two  line  couplings  were  then  measured  on  this  design 
and  used  to  adjust  the  CAD  design  to  more  closely 
match  the  actual  filter  parameters.  Figure  15  shows  the 
measured  filter  response  for  this  design  using  several 
different  conductors  at  temperatures  of  300  and  77  K. 
The  filter  was  fabricated  on  20-mil-thick  LaAlOj  using 
gold,  silver,  and  postannealed  YBCO  |4],  The  YBCO 
filter  had  1.0  dB  of  insertion  loss  at  77  K  compared 
with  5.9  dB  for  the  silver  filter  at  77  K  and  10.6  aB  of 


Figure  14.  Four-pole  microstrip  filter  fabricated  from 
postannealed  YBCO  on  LaAlOq  substrate  shown  prior 
to  final  hermetic  sealing  in  a  microwave  package.  The 
filter  operates  at  4.8  GHz  with  a  1.3%  bandwidth. 


Figure  15.  Measured  response  of  the  filter  shown  in 
Fig.  14  fabricated  from  gold  (measured  at  300  K), 
silver  (measured  at  77  K),  and  postannealed  YBCO 
(measured  at  77  K). 

insertion  loss  for  the  gold  filter  at  300  K.  Filters 
fabricated  from  YBCO  using  the  previous  4.2  GHz, 
3%  bandwidth  design  had  exhibited,  at  77  K,  a 
passband  insertion  loss  as  low  as  0.3  dB  compared  to 
the  2.8-dB  loss  of  similar  gold  metallic  filters  at  the 
same  temperature  [15]. 

FUTURE  RESEARCH 

The  design  and  fabrication  of  YBCO  devices  is 
challenging  because  of  the  wide  linewidths  required  by 
current  patterning  techniques,  the  chemical  sensitivity 
of  YBCO,  the  difficulty  in  depositing  uniform  YBCO 
over  large  areas  (up  to  50-mm-diameter),  the  high 
dielectric  constant  of  LaAlOi  substrate  material,  and 
the  thickness  of  the  available  LaAlO^  substrates  (which 
necessitates  large  line-to-line  spacings).  Resonator- 
based  filters  are  very  sensitive  to  linewidth  variations, 
their  design  for  high  dielectric  constant  or  anisotropic 
substrate  materials  is  difficult  because  of  the  current 
deficiencies  of  CAD  routines,  and  shifts  in  resonator 
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frequencies  due  to  variations  in  the  substrate  dielectric 
constant  or  large  kinetic  inductance  effects  cannot  be 
tolerated.  In  general,  YBCO  deposition  techniques 
will  continue  to  improve  and  new  dielectric  materials 
or  combinations  of  dielectrics  will  be  examined. 
Finally,  the  availability  of  thinner,  large-area  substrates 
and  multilayer  dielectrics  will  eventually  allow  much 
more  complex  circuits  to  be  designed. 

CONCLUSIONS 

Two  distinct  classes  of  superconductive,  passive 
microwave  devices  were  demonstrated,  both  with  a 
significant  performance  advantage  over  normal-metal 
versions  of  the  same  devices:  long  delay  lines  and 
resonator-based  bandpass  filters.  A  stripline  chirp 
filter  was  fabricated  and  operated  at  77  K  with  a 
2.7-GHz  bandwidth,  a  4.2-GHz  center  frequency,  and 
11.5  ns  of  dispersive  delay  giving  a  time-bandwidth 
product  of  30.  The  total  transmission-line  length  of  the 
chirp  filter  represents  14  ns  of  delay.  A  7-ns  and  a 

1.5-ns  microstrip  delay  line  were  fabricated  and 
operated  in  conjunction  with  a  GaAs  sampling  circuit  at 
77  K,  demonstrating  the  compatibility  of 
semiconductor  and  superconductive  devices  at 
cryogenic  temperatures.  Microstrip  narrowband 
bandpass  filters  were  also  fabricated  and  operated  at 
77  K  with  bandwidths  ranging  from  1  -  3%  at 
4.8  GHz.  These  devices  were  four-pole  Chebyshev 
filters.  Both  of  these  classes  of  microwave  devices 
illustrate  that  the  low  conductor  loss  of 
superconducting  materials  makes  it  possible  to  build 
passive  microwave  devices  that  cannot  be  built  with 
normal  metal  conductors.  Operation  of  these 
superconducting  devices  is  now  possible  at 
temperatures  up  to  77  K,  opening  up  new 
opportunities  for  high-frequency,  wide-bandwidth 
analog  signal  processing  systems. 
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Abstract 

Monolithic  colliding  pulse  mode-locked  (CPM) 
multiple  quantum  well  lasers  generating  optical  pulses 
as  short  as  600  femtoseconds  are  reported.  The  CPM 
laser  is  built  on  a  single  chip  of  InGaAs/InGaAsP 
multiple  quantum  well  lasers.  The  pulse  repetition  rates 
are  synchronized  with  an  rf  synthesizer  up  to  40  GHz  in 
hybrid  mode-locking.  In  passive  mode-locking,  a 
record  high  repetition  rate  of  350  GHz  has  been 
achieved.  All  the  sub-picosecond  pulses  obtained  have 
pulse  shapes  of  sech2  and  transform-limited  time- 
bandwidth  products  between  0.30  to  0.34. 

Monolithic  mode-locked  semiconductor  lasers  [1-7] 
are  compact  and  stable  sources  of  ultrashort  optical 
pulses.  Their  applications  include  multi-hundred 
Gbit/sec  time-division  multiplexed  optical 
communication  systems,  ultra-high  speed  electro-optic 
sampling  systems,  optical  soliton  sources  for  ultra-long 
distance  transmission  in  optical  fibers,  and  generation 
of  millimeter  and  sub-millimeter  waves.  The  fully 
integrated  optical  cavities  not  only  eliminate  the 
tedious  optical  alignment  processes  in  mode-locked 
semiconductor  lasers  using  external  cavities  and  bulk 
optics  [8],  they  also  suppress  the  undesired  multiple 
pulse  output  generated  by  residue  intra-cavity 
reflections  (9).  Picosecond  pulses  have  been  generated 
in  semiconductor  lasers  with  integrated  passive  cavities 
12),  tandem-contact  semiconductor  lasers  (3,5),  and 
hybrid  mode-locked  semiconductor  lasers  with  active 
waveguides  [4|.  The  monolithic  colliding  pulse  mode- 
locked  (CPM)  multiple  quantum  well  lasers  [6,7)  are 
the  first  monolithic  mode-locked  semiconductor  lasers 
that  generate  optical  pulses  in  the  femtosecond  regime. 

The  monolithic  CPM  laser  consists  of  a  saturable 


absorber  in  the  center  of  the  cavity,  two  modulators 
near  the  facets  for  synchronization  with  external 
electrical  clocks,  and  two  active  waveguides  (gain 
sections)  linking  the  modulators  and  the  saturable 
absorbers,  as  shown  in  Fig.  1.  Though  ring  cavity  is 
preferred  in  the  first  CPM  dye  laser  [10],  the  linear- 
cavity  configuration  is  used  in  our  experiments  for  two 
reasons:  (1)  the  linear-cavity  laser  with  cleaved  facets 
is  compatible  with  standard  semiconductor  laser 
technology;  and  (2)  the  problem  of  critical  positioning 
of  the  absorber  dye  jets  in  linear-cavity  CPM  dye  lasers 
[10]  is  solved  by  microfabrication  technology  used  in 
the  monolithic  CPM  lasers.  The  saturable  absorber  is 
placed  exactly  in  the  center  of  the  cavity  by 
photolithography  and  cleaving  processes. 

The  monolithic  CPM  laser  can  be  synchronized 
with  external  electrical  clocks  (hybrid  mode-locking) 
by  sending  an  rf  signal  to  the  two  modulators.  The  rf 
signal  is  distributed  through  integrated  microstrip 
transmission  lines  to  guarantee  the  exact  timing 
between  the  two  counter-propagating  pulses.  The 
length  of  center  saturable  is  designed  to  be  smaller  than 
the  spatial  duration  of  the  optical  pulses  and  ranges 
from  lO^m  to  50pm,  depending  on  the  cavity  lengths. 

Figure  2  shows  the  schematic  layer  structure  of  the 
step-graded  index  separate  confinement  heterostructure 
(GRINSCH)  multiple  quantum  well  lasers  used  here. 
The  active  region  consists  of  five  InGaAs  quantum 
wells  and  six  InGaAsP  (bandgap  wavelength  Xg=  1.25 
Hm)  barriers.  The  GRIN  regions  are  synthesized  by 
four  quaternary  layers  with  monotonicly  varying  A.g. 
Iron-doped  semi-insulating  InP  is  then  regrown  around 
the  active  stripe  to  form  a  buried  heterostructure.  The 
lasing  wavelength  is  1.55qm.  The  dc  characteristics  of 
the  quantum  well  lasers  has  been  reported  elsewhere 
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Figure  1.  The  schematic  diagram  of  the  monolithic  CPM  laser. 
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Figure  2.  The  schematic  layer  structure  of  the 
InGaAs/InGaAsP  MQW  laser. 


[111.  The  same  quantum-well  material  can  be  used  as 
either  the  gain  medium  or  the  saturable  absorber, 
depending  on  the  bias  conditions.  Forward-biased 
quantum  wells  provide  saturable  gain,  while  reverse- 
biased  quantum  wells  function  as  saturable  absorbers. 
Because  of  the  step-like  density-of-states  in  quantum 
wells,  the  saturable  absorber  cross  section  is  larger  than 
the  gain  cross  section.  The  condition  for  mode-locking 
[12]  can  thus  be  satisfied  in  separately  biased 
semiconductor  lasers  with  continuous  active  quantum 
wells.  The  various  sections  of  the  CPM  laser  are 
defined  by  separate  top  electrodes. 

Background-free  second-harmonic  generation 
(SHG)  autocorrelator  is  used  to  measure  the  widths  of 
the  mode-locked  pulses,  and  an  optical  spectrum 
analyzer  is  employed  to  simultaneously  monitor  the 
time-averaged  optical  spectrum.  Figure  3  shows  the 
SHG  autocorrelation  trace  of  the  output  pulses  from  a 
hybrid  mode-locked  CPM  laser.  The  SHG  trace  agrees 
very  well  with  that  of  a  sech2  pulse  shape,  and  the 
corresponding  full-width-at-half-maximum  (FWHM) 
pulse  width  is  0.95  ps.  Simultaneous  measurement  of 
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Figure  3.  The  measured  and  modeled  SHG 
autocorrelation  traces  of  the  pulses  generated  by  a 
2.1mm-long  hybrid  mode-locked  monolithic  CPM 
laser. 


the  optical  spectral  bandwidth  shows  a  time-bandwidth 
product  of  0.32,  which  is  very  close  to  the  transform- 
limit  value  of  0.31.  The  effect  of  saturable  absorber  is 
illustrated  in  Fig.  4.  With  increasing  reverse  bias  on  the 
saturable  absorber,  the  dc  level  gradually  decreases  and 
the  pulse  width  becomes  shorter.  As  the  reverse  bias 
reaches  -0.4  V,  the  dc  level  reduced  to  almost  zero  and 
the  pulse  shape  becomes  that  of  a  sech2. 

The  repetition  rate  of  38.5  GHz  corresponds  to 
twice  of  the  round-trip  frequency  of  the  2. 1-mm-long 
cavity.  Because  of  the  CPM  configuration,  there  are 
two  pulses  traveling  in  the  cavity.  In  hybrid  mode¬ 
locking,  the  two  modulators  force  the  pulses  to  collide 
in  the  central  saturable  absorber.  However,  the  "forced 
collision"  is  not  necessary  for  this  monolithic  laser  to 
operate  in  the  CPM  regime.  In  fact,  the  laser  prefers  to 
operate  in  CPM  regime  even  in  the  absence  of  the  rf 
signal,  as  will  be  shown  later  in  the  passive  CPM  case. 
Here  the  rf  signal  simply  serves  to  synchronize  the 
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Figure  4.  The  SHG  autocorrelation  traces  for  various 
saturable  absorber  bias. 

pulse  repetition  rate  with  the  external  clocks. 
Therefore,  very  little  rf  power  (15dBm)  is  needed  to 
achieve  hybrid  mode-locking. 

The  repetition  rate  of  the  hybrid  CPM  pulses  can  be 
detuned  by  varying  the  frequency  of  the  rf  signals. 
Figure  5  shows  the  FWHM  width  of  the  SHG 
autocorrelation  traces  versus  the  rf  driving  frequency. 
The  repetition  rate  can  be  detuned  by  about  5%  of  the 
center  frequency  without  significantly  increasing  the 
pulse  width.  The  wide  frequency  tuning  range  results 
from  the  use  of  active  waveguides,  where  the  refractive 
index  adapts  itself  so  that  the  cavity  round-trip 
frequency  matches  the  external  rf  frequency.  This 
feature  is  very  important  for  most  applications  which 
require  the  optical  pulses  be  synchronized  with  some 
standard  electrical  clocks  (e.g.,  data  rate)  or  another 
CPM  laser  (e  g.,  in  optical  time  division  multiplexing). 

In  passive  CPM  operation,  the  modulators  are 
shorted  with  the  active  waveguides.  The  two  counter- 
propagating  pulses  time  themselves  to  collide  in  the 
center  saturable  absorber  because  minimum  energy  is 
lost  to  the  absorber.  Figure  6(a)  and  (b)  shows  the 
SHG  autocorrelation  trace  and  the  optical  spectrum  of 


Figure  5.  The  FWHM  width  of  the  autocorrelation 
traces  versus  the  rf  frequency. 

the  same  CPM  laser  without  applying  rf  signal. 
Transform-limited  pulses  with  sech2  pulse  shape  is 
obtained  with  slightly  longer  pulse  width  (1.15  ps). 
Since  no  rf  source  is  needed  in  passive  mode-locking, 
the  repetition  rate  is  not  limited  by  the  rf  synthesizer. 
Passive  mode-locking  of  the  CPM  lasers  with  repetition 
rates  of  40  GHz,  80  GHz,  160  GHz,  and  350  GHz  have 
been  demonstrated  [7],  The  record  high  repetition  rate 
of  350  GHz  is  obtained  with  a  250(im-long  CPM  laser. 
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Figure  6.  The  autocorrelation  trace  and  the  optical 
spectrum  of  the  passive  CPM  laser. 
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Figure  7.  The  autocorrelation  trace  and  the  optical 
spectrum  of  the  optical  pulses  from  the  passive  CPM 
laser  with  a  repetition  rate  of  350  GHz. 

The  SHG  autocorrelation  trace  and  the  optical  spectrum 
are  shown  in  Fig.  7(a)  and  (b),  respectively.  Even  at 
such  high  repetition  rate  (  period=  2.87  ps  ),  the  pulse 
shape  still  agrees  very  well  with  that  of  sech2.  The 
transform-limited  pulse  width  of  640  femtosecond 
(FWHM)  is  the  shortest  ever  reported  for  monolithic 
mode-locked  semiconductor  lasers.  Though  the  optical 
spectrum  in  Fig.  7(b)  shows  only  three  major  modes, 
the  same  spectrum  with  logarithmic  scale  indicates  that 
more  than  nine  modes  are  mode-locked. 

A  wide  range  of  dc  biases  can  be  used  to  generate 
the  nearly  transform-limited  short  optical  pulses  in  both 
the  active-  and  the  passive-monolithic  CPM  lasers.  For 
example.  Fig.  8  shows  the  optimum  saturable  absorber 
bias  voltage  versus  the  gain-section  current  for  the 
350-GHz  passive  CPM  laser.  Two  curves  are  shown 
for  saturable  absorber  lengths  of  (a)  25pm  and  (b)  15 


Figure  8.  The  optimum  saturable  absorber  bias  versus 
the  current  of  the  gain  section  for  two  CPM  lasers  with 
saturable  absorber  lengths  of  25pm  and  15pm, 
respectively.  The  pulse  widths  at  the  corresponding 
bias  conditions  are  also  shown. 

pm.  Sub-picosecond  pulses  are  generated  for  gain 
current  from  20  mA  to  40  mA.  Shorter  pulses  are 
generated  when  the  gain  sections  are  more  forward- 
biased  and  the  saturable  absorber  are  more  reverse- 
biased.  The  CPM  laser  with  shorter  saturable  absorber 
(15pm)  needs  more  reverse  bias  for  the  absorber  and 
produces  shorter  pulses.  The  shortest  pulse  width  of 
610  fs  is  generated  with  saturable  absorber  bias  of  -2  V 
and  gain  current  of  40  mA  in  the  CPM  laser  with 
15pm- long  absorber. 

In  summary,  we  have  successfully  generated 
transform-limited  sub-picosecond  optical  pulses  using 
novel  monolithic  colliding  pulse  mode-locked  quantum 
well  lasers.  The  pulse  width  of  600  fs  is  the  shortest 
ever  report  for  monolithic  semiconductor  lasers.  The 
optical  pulses  are  synchronized  with  external  rf  signals 
up  to  40  GHz  using  hybrid  mode-locking.  A  record 
high  repetition  of  350  GHz  is  also  achieved  in  passive 
mode-locking.  All  the  pulses  generated  have  pulse 
shapes  of  sech2,  time-bandwidth  products  of  0.30  - 
0.34,  and  near  100%  intensity  modulation  depth. 
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Abstract 

A  packaged,  mode-locked  semiconductor  laser  is 
described,  which  emits  4  ps  wide  transform  limited 
pulses  at  10  GHz,  and  is  optimised  using  only  bias 
current  (±  1  mA)  and  cavity  detuning  (±  50  MHz). 


Introduction 

Work  on  transatlantic  communications  systems  has 
already  shown  [1]  that  the  maximum  bit-rate/distance 
product  for  any  system  length  is  always  obtained  by 
transmitting  well  spaced  transform  limited  pulses 
(solitons),  e.g.  20  ps  pulses  for  10  Gbit/s  transmission 
over  5000  km  [2].  In  a  40  Gbit/s  network  similar 
techniques  would  allow  transmission  over  1-2000  km 
using  3-5  ps  pulses  [3].  The  principal  barrier  to 
development  of  such  systems  has  always  been  the  lack 
of  a  suitable  pulse  transmitter,  which  must  produce 
high  power,  transform  limited  ps  pulses  at  GHz  rates, 
and  must  also  be  portable  and  stable  for  long  periods 
(years).  Recently  it  has  been  shown  that  suitable 
pulses  can  be  generated  by  optically  amplified 
semiconductor  laser  sources  [4-6],  similar  to  those  used 
in  current  lightwave  transmission  systems.  Two 
techniques  have  been  used;  gain  switching  and  filtering 
[4],which  is  simple  to  implement  but  produces 
substantial  pulse  to  pulse  jitter,  and  mode-locking 
[5,6],  which  produces  better  pulses  but  is  subject  to 
stability  problems.  In  this  paper  we  show  for  the  first 
time  that  the  mechanical  problems  associated  with 
external  cavity  mode-locked  lasers  can  be  overcome, 
without  compromising  on  output  pulse  quality,  by 
building  a  packaged  cavity,  and  that  the  important 
operating  parameters  are  amenable  to  external  control 
for  long  term  stability. 


Package 

The  packaged  laser  is  shown  in  Fig.  1.  The  fixed 
parameters  (e.g.  laser  chip  design,  cavity  dimensions) 
were  chosen,  after  extensive  experimentation  and 
modelling  using  a  well  known  accurate  model  [7],  to 
be  close  to  the  optimum.  The  laser  consisted  of  a  250 
mm  long  trenched  buried  hetereostructure  laser  [8]  with 
a  broadband  anti-reflection  coating  [9]  (reflectivity  = 
5x10"4  )  on  one  facet  which  faced  an  external  cavity. 
The  external  cavity  consisted  of  a  2  mm  diam.  anti- 
reflection  coated  sphere  lens  (fixed  in  place  using  u.v. 
curing  epoxy)  which  collimated  the  laser  output,  and  a 
gold  coated  1200  line/mm  grating  blazed  for  1.5mm. 
The  total  cavity  length  was  3  cm  (corresponding  to  a 
round  trip  frequency  of  5  GHz)  and  the  feedback 
eficiency  was  estimated  (from  the  cw  threshold  of  the 
laser)  to  be  30%.  The  grating  mount  was  similar  to 
that  used  in  the  external  cavity  laser  which  was 
sucessfully  demonstrated  in  recent  field  trials  [10].  The 
output  from  the  laser  (at  the  uncoated  chip  facet)  was 
coupled  into  a  single  mode  fibre  (with  a  loss  of  3  dB) 
using  an  anti-reflection  coated  tapered  lensed  fibre.  The 
entire  laser  was  mounted  on  a  Peltier  cooler  which 
enabled  temperature  control  to  within!  0.1’C.  This 
assembly  was  then  placed  in  a  sealable  box  to 
eliminate  thermo-acoustic  variations  of  the  cavity. 


Fig.  1  Packaged  Mode-locked  laser 
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The  cavity  was  found  to  be  stable  for  several  days 
without  placing  the  laser  on  a  vibration  isolation 
system.  The  R.F.  modulation  was  supplied  via  a  bias 
tee  (0.05  -26  GHz)  and  a  50  £2  strip  line,  which  was 
epoxied  directly  onto  the  laser  chip  to  avoid  introducing 
stray  inductance  in  any  bond  wires.  0.5  W  R.F.  were 
supplied  to  the  laser  from  an  ultra  low  phase  noise 
oscillator.  Successful  mode-locking  was  acheived  at 
5,10  and  20  GHz  using  this  arrangement. 

Performance 

The  best  output  pulses  were  obtained  when  the  grating 
was  adjusted  so  that  the  laser  emitted  at  1.56  mm,  10 
nm  shorter  than  the  peak  gain  wavelength,  to  take 
advantage  of  the  greater  dg/dn,  and  with  modulation  at 
5  GHz.  The  pulses  showed  residual  A.M.  of  less  than 
1%  (measured  on  a  lightwave  analyser)  and  less  than 
250  fs  of  jitter  (estimated  from  phase  noise  build  up  in 
R.F.  spectrum).  Harmonic  mode-locking  at  the  higher 
frequencies  was  found  to  be  less  stable  (pulse  to  pulse 
A.M.  increased)  so  for  optimum  operation  at  10  or  20 
GHz  the  cavity  had  to  be  shortened  to  allow 
fundamental  mode  locking.  The  laser  output  was 
optimised  by  tuning  the  cavity  length  for  minimum 
pulsewidlh  (generally  at  the  point  when  secondary 
pulses  due  to  gain  relaxation  become  apparent),  and 
then  reducing  the  D.C.bias  till  the  secondary  pulse 
disappeared  again.  The  dependence  of  the  output  pulse 
width  on  D.C.  bias  is  shown  in  Fig.  2. 

Three  curves  are  shown,  a  measured  curve  with  no 
cavity  retuning  (length  changes),  a  predicted  curve  from 
the  model  with  no  cavity  retuning,  and  a  measured 
curve  with  cavity  retuning  to  restore  optimised 
operation.  The  modelled  curve  was  obtained  using  the 
parameters  given  in  [1 1  ],  suitably  modified  to  match 
the  cavity  described  above,  and  shows  a  close 
agreement  with  the  measured  results.  The 
measurments  show  that  if  no  cavity  retuning  is  allowed 
the  operating  current  range  for  near  optimum  output  is 


Fig.  2  Pulsewidth  vs  D.C.  Bias,  X  =  modelled  results, 
+  =  Observations  with  cavity  retuning,  O  = 
Observations  without  cavity  retuning 


very  small,  but  if  the  cavity  is  retuned  a  remarkably 
large  range  of  stable  operating  points  is  obtained  with  a 
broad  pulsewidth  minimum  around  90%  of  the  cw 
threshold  of  the  laser  and  pulsewidths  increasing  with 
bias  above  threshold.  Interestingly  the  range  of 
pulsewidths  available  from  a  single  cavity 
configuration  can  be  varied  by  almost  an  order  of 
magnitude  thus  the  laser  output  can  be  compatible  with 
a  large  range  of  bit  rates  from  10-100  Gbit/s.  The 
pulses  are  narrowest  near  threshold  because  the  gain 
bandwidth  is  greater  (more  bias  =  more  gain  =  stronger 
residual  F-P  chip  modes  =  less  bandwidth).  The  pulse 
obtained  at  the  cw  lasing  threshold  current  is  shown  in 
Fig.  3a,  together  with  the  pulse  predicted  by  the  model. 
The  pulsewidth  (measured  cm  a  streak  camera  with  a 
time  resolution  of  2-3  ps)  was  7  ps  and  the  time 
bandwidth  product  was  0.35.  The  optimum  single 
peak  pulse  (Fig.  3b)  had  a  pulsewidth  of  4  ps  and  a 
time  bandwidth  product  of  0.32.  Numerically 
transforming  a  digitised  version  of  the  measurement 
yields  a  predicted  time  bandwidth  product  of  0.29.  The 
lower  chirp  is  the  result  of  a  reduction  in  the  dynamic 
gain  saturation  effects  at  the  lower  bias  current  (pulses 
obtained  at  the  highest  stable  bias  currents  have  time 
bandwidth  products  of  approx.  0.44,  confirming  this 
observation).  Further  reduction  of  the  bias  resulted  in 
narrower  pulses  (2  ps)  with  substructure  (Fig.  3c) 
within  a  broader  envelope.  The  secondary  peaks  are  the 
result  of  the  output  bandwidth  exceeding  the  bandwidth 
of  the  residual  Fabry-Perot  modes  of  the  laser  and 
correspond  to  secondary  peaks  in  the  laser  spectrum. 

It  should  be  noted  that  the  modelled  pulses  are  very 
similar  to  the  observed  pulses  thus  indicating  the 
predictability  of  the  source  and  confirming  that  the 
observations  are  the  result  of  the  gain  dynamics  and  not 
an  artefact  of  experimental  conditions.  The  optimum 
measured  pulses  are  both  shorter  and  less  chirped  than 
comparable  pulses  obtained  by  other  authors  [12,13]. 

Detuning  and  long  term  stability 

The  accuracy  and  range  of  the  cavity  retuning  needed  to 
access  the  stable  range  of  bias  currents  are  illustrated  in 


Fig.3  Pulsewidths - =  experiment, ...  =  theory 

a)  17  mA  bias,  FWHM  =  7  ps,  b)  14  mA  bias, 
FWHM  =  4  ps,  c)  12  mA  bias,  FWHM  =  2  ps 
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Fig.  4,  which  shows  the  dependence  of  cavity  detuning 
on  bias  current 


Fig.  4  Cavity  detuning  vs  D.C.  Bias,  +  = 
measurements,  O  =  Theory  predictions 

Again  a  measured  curve  and  a  model  prediction  are 
shown  and  close  agreement  is  clear.  Cavity  detuning  is 
defined  as  the  difference  in  the  length  of  the  laser  cavity 
when  the  output  is  maximised  for  small  signal 
modulation  (sine  wave  output)  and  the  length  of  the 
cavity  for  optimum  pulse  output.  This  difference 
arises  from  the  dynamic  effects  of  gain  saturation  in  the 
laser  chip  [14]  which  lead  to  the  pulse  peak  advancing 
in  time  on  each  transit  and  thus  a  reduction  in  the 
effective  cavity  length,  requiring  a  corresponding 
lengthening  of  the  actual  cavity  to  restore  equilibrium. 
Under  normal  conditions  the  delay  is  approx  3  ps. 

This  is  entirely  consistent  with  the  prediction  obtained 
for  a  single  pass  amplifier  when  the  following  equation 
[14] ,  is  solved  for  t 

$Ul.2il=o 

dT  xo  (1) 

where  h(t)  is  the  phase  variation  accross  the  pulse 
(obtained  from  the  numerical  laser  model),  t  is  the  time 
normalised  to  the  pulse  peak  and  to  is  1 ,665tp  (where 
tp  is  the  pulsewidth).  The  detuning  increases  as  the 
bias  current  increases  because  the  effects  of  gain 
saturation  increase  at  higher  gains  (or  bias  currents 
since  gain  p  bias).  It  can  be  seen  in  Fig.  3  that  for 
stable  operation  the  cavity  length  needs  to  be  stable 
over  ±  10  MHz  or  0.1  mm,  which  is  readily  achieved, 
and  the  range  necessary  to  maintain  stable  operation 
over  a  large  range  of  currents  is  3  mm  (i.e.  small 
enough  to  be  accessible  via  piezo-electric  control). 

This  means  that  it  would  be  possible  to  construct  a 
control  loop,  which  optimises  D.C.  bias  and  cavity 
detuning  according  to  a  simple  algorithm,  which  would 
maintain  stable  operation  even  if  increases  in  threshold 
(due  to  laser  ageing  or  cavity  drift)  were  to  occur. 
Stability  could  thus  be  achieved  on  the  timescales 
necessary  for  use  in  telecommunication  networks. 


Conclusion 

An  optimised  packaged  mode-locked  laser  has  been 
constructed.  The  optimised  laser  design  produces  4  ps 
wide  near  transform  limited  pulses  at  GHz  rates  and  is 
ideal  for  use  in  linear  and  non-linear  OTDM  lightwave 
transmission  systems  at  bit  rates  of  10  to  100  Gbit/s. 
Short  term  stability  of  the  source  is  excellent  and  long 
term  stabilisation  is  possible.  The  laser  is  well 
understood  and  can  be  modelled  accurately. 
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Abstract 

Optical  pulses  less  than  207  fsec  with  over 
1 50  watts  of  peak  power  have  been  generated  from 
an  all  semiconductor  laser  diode  system. 

Introduction 

Compact  and  efficient  sources  of  high  repeti¬ 
tion  rate,  high  peak  power  ultrashort  optical  pulses 
arc  needed  to  replace  the  standard  ultrashort  opti¬ 
cal  pulse  generation  schemes  due  to  their  relatively 
large  size  and  poor  wall  plug  efficiency.  It  has  been 
previously  demonstrated  that  an  external  cavity 
hybrid  mode  locked  semiconductor  laser  system 
has  been  able  to  produce  optical  pulses  as  short  as 
460  fsec  in  duration  with  over  70  watts  of  peak 
power  {1}.  In  this  paper,  a  modification  of  this 
system  which  incorporates  a  four  prism  sequence 
to  compensate  for  intracavity  group  velocity 
dispersion  is  described.  This  system  produces  opt¬ 
ical  pulses  that  are  207  fsec  in  duration  with  over 
150  watt  of  peak  power.  These  optical  pulses  are 
both  the  shortest  and  most  intense  optical  pulses 
ever  generated  from  an  all  semiconductor  laser 
diode  system. 

Experiment 

The  experimental  setup  employed  is  shown 
in  Fig.  1.  The  ultrashort  optical  pulses  were  gen¬ 
erated  from  an  external  cavity  hybrid  mode  locked 
laser.  The  advantage  of  utilizing  a  hybrid  mode 
locking  scheme  is  that  it  takes  advantage  of  the 
stability  which  is  offered  by  the  actively  mode 
locked  system,  and  also  takes  advantage  of  the 
additional  pulse  shortening  mechanisms  provided 
by  the  saturable  absorber.  The  device  structure  is 


an  angled  stripe  semiconductor  traveling  wave 
amplifier  {2}.  The  key  feature  of  utilizing  this  type 
of  structure  is  that  the  residual  facet  reflectivity  of 
the  diode  is  sufficiently  low  so  that  single  mode 
locked  optical  pulses  can  be  obtained,  without  the 
usual  multiple  coherent  spike  or  multipulse  out¬ 
put.  In  addition,  the  thin  active  region  (~  80  nm) 
associated  with  these  devices  allows  them  to  have  a 
large  saturation  energy,  thus  enabling  the  amplified 
pulses  to  contain  a  large  amount  of  energy,  typi¬ 
cally  100  pJ. 

The  mode  locked  laser  was  formed  by  plac¬ 
ing  the  traveling  wave  amplifier  inside  of  an  exter¬ 
nal  cavity.  The  transverse  mode  profile  of  the 
laser  is  controlled  by  an  adjustable  slit  S.  T  he  rear 
reflector  is  a  multiple  quantum  well  structure 
which  has  been  epitaxially  lifted  off  and  attached 


Fig.{  1 } :  Schematic  of  the  experimental  setup. 
Legend:  MQW-multiple  quantum  well  satur¬ 
able  absorber;  TWA-traveling  wave  amplifier; 
S-slit;  I-isolator;  G-grating;  P-prism  set. 


185 


186 


Picosecond  Electronics  and  Optoelectronics 


to  a  silver  mirror  reflector  { 3} .  The  purpose  of  the 
multiple  quantum  well  structure  is  that  it  serves  as 
a  saturable  absorber  which  initiates  passive  mode¬ 
locking.  The  intracavity  dispersion  compensating 
prisms  were  included  to  compensate  for  any  intra¬ 
cavity  group  velocity  dispersion  and  the  chirp 
which  is  impressed  upon  the  optical  pulse  during 
the  mode  locking  process. 

Passive  mode-locking  could  be  achieved  by 
utilizing  the  chromatic  dispersion  of  the  focussing 
lenses,  thus  forcing  the  laser  to  operate  in  the  exci- 
tonic  absorption  region.  By  monitoring  the  spec¬ 
trum  which  was  reflected  from  the  MQW-mirror 
reflector,  a  substantial  broadening  of  the  lasing 
spectrum  would  occur  when  the  laser  was  tuned  to 
operate  in  the  cxcitonic  absorption  region.  By 
applying  ~  0.5  watts  of  RT  to  the  oscillator  where 
the  RT  frequency  was  matched  to  the  third  har¬ 
monic  of  the  longitudinal  mode  frequency,  the  las¬ 
ing  spectrum  was  broadened  to  8.4  nm,  with  a 
prism  separation  of  33  cm.  The  typical  d.c.  bias 
threshold  current  in  this  case  was  209  mA.  Under 
these  conditions  the  laser  would  emit  pulses  of 
approximately  2.5  psec  in  duration  at  830  nm, 
with  a  repetition  frequency  equal  to  the  third  har¬ 
monic  of  the  longitudinal  mode  spacing  of  the 
external  cavity,  i.c.,  355  MHz.  The  difficulty  in 
obtaining  passive  mode  locked  pulse  trains  at  the 
fundamental  longitudinal  mode  frequency  is  due  to 
the  the  short  gain  recovery  time  associated  with 
diode  lasers  and  the  large  cavity  length  required  in 
order  to  contain  the  four  prism  sequence. 

The  inclusion  of  the  four  prism  sequence 
only  partially  compensates  for  the  group  velocity 
dispersion,  while  simultaneously  increasing  the  las¬ 
ing  bandwidth.  The  effects  of  the  large  nonlineari¬ 
ties  experienced  by  the  optical  pulse  as  it  oscillates 
within  a  round  tnp  greatly  effects  the  pulse  shaping 
mechanisms  and  prevents  the  production  of 
transform  limited  optical  pulses  directly  from  the 
laser  oscillator.  These  effects  can  be  observed  by 
examining  the  optical  pulse  spectra  at  three  impor¬ 
tant  locations  inside  of  the  laser  cavity.  These 
features  can  be  seen  in  Tig.  2(a,b,c).  In  Tig  2(a), 
the  optical  pulse  spectra  is  shown  as  the  pulse  exits 
the  TWA  after  the  pulse  has  gone  through  a  dou¬ 
ble  pass  through  the  prism  sequence.  The  shape 
of  the  spectrum  is  reminiscent  of  the  classical  self 
phase  modulated  spectrum  which  is  obtained  for 
ultrashort  optical  pulses  after  traversing  a  nonlinear 
medium.  In  Tig.  2(b),  the  optical  pulse  spectrum 
is  shown  after  the  pulse  exits  the  MQW  saturable 
absorber.  The  enhancement  of  the  high  energy 
side  of  the  spectrum  is  due  to  the  creation  of  real 


Wavelength  nm 

f  ig. (2):  Optical  pulse  spectrum  (a)  before 
MQW  absorber;  (b)  after  MQW  absorber; 
(c)  output  spectrum 
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carriers  and  the  resultant  reduction  in  the  refractive 
index.  In  Fig.  2(c),  the  optical  pulse  spectrum  is 
shown  after  the  output  coupler.  The  energy  distri¬ 
bution  in  this  spectrum  has  been  shifted  towards 
the  lower  energy  side,  due  to  gain  depletion  which 
results  in  an  increase  in  the  refractive  index. 

The  large  time-bandwidth  product  (typically 
~  8)  of  the  hybrid  mode  locked  laser  pulse  sug¬ 
gests  that  there  possibly  exists  a  large  frequency 
sweep,  or  chirp,  impressed  on  the  mode-locked 
pulse.  In  order  to  take  advantage  of  this  frequency 
sweep,  a  standard  dual  grating  pulse  compressor 
was  constructed  and  employed  to  compress  the 
mode-locked  pulse. 

The  pulse  compressor  utilized  two  gold 
coated  blazed  gratings  with  1 800  grooves/mm,  with 
two  16  cm  focal  length  lenses.  An  adjustable  slit 
was  located  at  the  Fourier  plane  of  the  telescope 
inside  of  the  compressor,  thus  acting  as  a  spectral 
filter  (4).  The  compressor  was  constructed  in  the 
double  pass  geometry.  The  position  of  the  second 
grating  in  the  pulse  compressor  was  varied  in  both 
the  positive  and  negative  dispersion  regimes  to 
achieve  the  maximum  compression  ratio.  From 
our  experiments,  the  maximum  pulse  compression 
occurs  by  having  the  grating  in  the  negative  disper¬ 
sion  regime,  approximately  7  cm  away  from  the 
zero  dispersion  position. 

In  order  to  obtain  the  shortest  pulses,  the 
alignment  of  the  mode  locked  oscillator  was  ini¬ 
tially  adjusted  so  that  the  oscillator  operated  with 
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Scale:  320  fsec/div 

Fig.{3}:  Autocorrelation  trace  of  the 

compressed  pulse  showing  a  pulsewidth  of 
207  fsec  assuming  a  hyperbolic  secant 
squared  pulse  shape. 


the  widest  possible  bandwidth.  The  bandwidth  in 
this  case  could  be  as  much  as  8.4  nm.  Under 
these  conditions,  optical  pulses  could  be 
compressed  down  to  207  fsec,  with  1 1  mW  of 
amplified  signal  power  directly  after  the  compres¬ 
sor.  The  spectral  window  in  the  compressor  filters 
out  the  spontaneous  emission  giving  only  100  pW 
of  additional  spontaneous  emission  power.  In  Fig. 
3  is  the  autocorrelation  trace  of  the  optical  pulse 
for  this  experimental  configuration.  The  pulse 
after  the  compressor,  with  11  mW  of  amplified 
average  signal  power  imply  a  peak  power  of  150 
watts.  These  results  represent  both  the  shortest 
and  most  intense  optical  pulses  ever  obtained  from 
an  all  semiconductor  laser  diode  system. 

In  summary,  hybrid  mode  locking  with  opti¬ 
cal  pulse  compression  and  spectral  windowing 
techniques  has  yielded  optical  pulses  of  207  fsec  in 
duration  with  peak  powers  over  150  watts.  The 
pulses  obtained  from  this  system  are  both  the 
shortest  and  most  intense  ever  generated  from  an 
all  semiconductor  diode  laser  system.  The  peak 
powers  obtained  from  this  type  of  system  may 
make  photonic  switching  and  other  applied  non¬ 
linear  optical  applications  possible  with  a  compact 
laser  source. 
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Abstract 

In  this  work,  the  travelling-wave  rate-equations  have 
been  used  to  numerically  simulate  the  performance  of 
an  actively  Q-switched  GaAs/AlGaAs  twin-electrode 
laser.  For  modulation  frequencies  from  1.0  to  3.0  GHz 
optical  output  pulses  of  20  -  23  ps  were  obtained.  The 
calculated  results  of  this  model  have  been  compared 
with  experimental  results  and  good  agreement  was 
found.  The  computer  model  is  versatile,  easy  to 
implement  on  a  small  PC-type  computer,  and  it  can, 
without  any  modifications,  be  used  to  simulate  the 
dynamic  behavior  of  a  large  variety  of  optoelectronic 
devices.  Hence,  we  believe  that  the  travelling-wave  rate- 
equations  can  be  an  important  tool  for  simulating 
ultrafast  pulse  generation  in  optoelectronic  devices. 


Introduction 

The  direct  modulation  of  semiconductor  lasers  and 
optical  amplifiers  is  of  considerable  interest  for 
applications  in  high  speed  fiber-optic  communication 
systems  [1  -  2],  As  the  structures  of  new  devices 
become  more  and  more  complicated,  detailed 
understanding  of  the  operating  characteristics  of  new 
devices  can  only  be  obtained  by  computer  simulation. 
In  such  a  computer  model  not  only  the  temporal  and 
spatial  variations  but  also  the  interaction  between  the 
optical  field  and  the  carriers  must  be  treated  consistently 
[3].  Assuming  a  longitudinally  uniform  distribution  of 


photons  and  carriers,  it  is  possible  to  obtain  computer 
models  for  the  lateral  variations  [4  -  6].  This 
assumption  may  be  justified  in  devices  with 
longitudinally  uniform  geometries,  but  not  in 
optoelectronic  devices  with  explicit  longitudinal 
variations  [7  -  8].  Examples  of  new  devices  with 
explicit  nonuniform  longitudinal  variations  are 
multisegment  lasers  [9],  lasers  for  active  Q-switching 
[10],  and  semiconductor  lasers  with  asymmetric  mirror 
reflectivities  [1 1]. 

The  objective  for  this  work  is  to  develop  a  computer 
model  which  is  applicable  to  a  large  variety  of 
longitudinally  nonuniform  optoelectronic  devices  with 
general  cross-sectional  geometries.  Furthermore,  the 
model  should  be  able  to  handle  longitudinal  variations 
in  both  the  injection  current  and  absorption,  as  well  as 
variations  in  the  reflectivities  of  the  end-facets. 
Although  an  inclusion  of  lateral  effects  into  our  model 
would  be  straightforward,  it  would  require  an 
excessive  amount  of  computer  resources,  and  we 
therefore  focus  this  work  on  the  longitudinal  and 
temporal  behavior  of  the  device.  This  work  follows  the 
same  lines  as  Shore  [7]  and  Wong  and  Carroll  [8]  but 
there  are  three  main  differences: 

•  We  include  an  explicit  longitudinal  and  temporal 
variation  of  the  absorption. 

•  We  allow  for  an  explicit  longitudinal  and  temporal 
variation  of  the  injected  current. 

•  We  make  a  rigorous  multimode  calculation, 
whereas  [7]  and  [8]  restricted  their  calculations  to 
only  one  longitudinal  mode. 
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Theory 

In  this  section  a  short  derivation  of  the  rate-equations  is 
given  and  some  important  aspects  of  the  numerical 
method  is  delineated.  A  more  elaborate  treatment  of  the 
implementation  can  be  found  in  [12],  Inside  an  optical 
device  the  optical  field  is  assumed  to  propagate  back 
and  forth  in  the  longitudinal  direction  between  the  two 
end-facets  with  reflectivities  R,  at  z  =  0  and  R2  at  z  = 
L.  Our  model  is  based  on  the  multimode  travelling- 
wave  rate-equations  for  semiconductor  lasers  (Eqs.  (1), 
(2),  and  (3))  [13].  (For  convenience  all  the  variables 
used  in  the  text  are  collected  and  explained  in  Table  1.) 

Assuming  a  finite  number  of  longitudinal  modes,  the 
photon  density  is  divided  into  counter-propagating 
waves.  We  have  used  the  notation  S+  for  photons 
travelling  in  the  +z-direction  and  S~  for  the  -z- 
direction.  Thus,  the  total  photon  density  at  a  given 
point  along  the  z-axis  is  given  by: 

+M 

S,ot(z)  =  X  Sm(z)  +  Sm(z) 

m  =  -M  (4) 

The  confinement  factor  T  is  defined  as  the  proportion 
of  the  optical  field  that  is  located  inside  the  active 
region.  Furthermore,  we  have  assumed  that  the 
spontaneous  recombination  rate  can  be  linearised  to 

a  single  time  constant  ts  representing  the  average  carrier 

lifetime:  Rsp  (N)  =  N  /  ts  inside  the  active  region. 
Outside  the  active  region  R  is  set  to  zero.  It  would  be 
a  straightforward  matter  in  this  model  to  incorporate  a 
more  complicated  carrier  dependence  of  the 
spontaneous  recombination  rate,  such  as  a  carrier 

dependent  lifetime,  xs  (N).  Moreover,  the  modal  gain 
inside  the  active  region  Gm  is  expressed  as;  Gm  (N)  =  T 
•  gm(N,  X),  where  gm  is  the  material  gain  for  mode  m. 
Outside  the  active  region,  Gm  is  set  to  zero.  The 
material  gain,  gm,  is  taken  to  have  a  linear  dependence 
in  carrier  concentration  and  a  parabolic  dependence  in 
wavelength: 

gm  =  am  (N-N0)  -  bm  lXm-Xo)2  (5) 

where  am  and  bm  are  gain-constants  and  N0  is  the 
carrier  concentration  at  thermal  equilibrium.  The 

effective  losses  in  the  cavity,  denoted  aeff,  are 
calculated  as 

aefr  =  Tai  +  (l-r)a2  (6) 

where  a!  and  a2  represent  the  material  absorption 
inside  and  outside  the  active  region,  respectively. 
Finally,  it  should  also  be  noted  that  the  surface  current 
density  J  in  Eq  (3)  is  related  to  the  total  current  I  by  the 
simple  expression: 


w • Li  (7) 

where  Lx  is  the  length  of  the  biased  region  (L!  <  L). 


Table  1.  Notation  used  in  the  text. 


Symbol 

Unit 

Description 

«t 

[m"1] 

Material  absorption  in  active  region. 

a2 

[m"1] 

Material  absorption  outside  act.  reg. 

aeff 

[m-1] 

Effective  modal  absorption. 

P 

Spontaneous  emission  factor. 

r 

Optical  confinement  factor. 

K 

[m] 

Wavelength  for  gain-max  (m  =  0). 

K 

[m] 

Wavelength  for  longitudinal  mode  m. 

^ld,  j 

[m-1] 

Mirror  loss  factor. 

*P 

[s] 

Absorption  time  for  photons. 

ts 

[s] 

Recombination  time  for  carriers. 

[m2] 

Gain-constant  for  mode  m. 

bm 

[m-3] 

Gain-constant  for  mode  m. 

co 

[m/s] 

Speed  of  light  in  vacuum. 

d 

[m] 

Thickness  of  active  region. 

e 

[As] 

Elementary  charge. 

cm 

[m-1] 

Modal  gain  per  unit  length. 

&m 

[m-1] 

Material  gain. 

h 

[Js] 

Planck's  constant. 

I 

[A] 

Injected  current. 

I,h 

[A] 

Threshold  current. 

J 

[A/m2] 

Current  surface  density. 

L 

[m] 

Device  length. 

Li 

[m] 

Length  of  biased  region. 

M 

Maximum  number  of  modes. 

m 

Mode-index. 

N 

[m"3] 

Density  of  electrons  in  active  region. 

neff 

Effective  refractive  index. 

P 

[W] 

Optical  output  power. 

Q 

Number  of  grid  points. 

Ri 

Reflectivity  of  end-facet  at  z  =  0. 

r2 

Reflectivity  of  end-facet  at  z  =  L. 

ESp 

ts”1] 

Rate  of  spontaneous  recombination. 

sm 

[m-3] 

Density  of  photons  in  mode  m. 

w 

[m] 

Width  of  active  region. 
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Numerical  method 

Finite  differences  were  used  to  discretise  the 
longitudinal  dependence  of  the  optical  field.  In  our 
model  the  device  is  divided  into  Q  +  1  grid-points  with 
uniform  spacing,  Az,  between  them.  By  using  a  first 
order  discretisation  scheme  the  time-dependent  rate- 
equations  are  transformed  into  a  set  of  ordinary 
differential  equations  in  time  which  are  easily  solved 
according  to  the  second  order  Runge-Kutta  method. 
The  boundary  conditions  (at  z  =  0  and  z  =  L)  for  the 
photon  waves  are  written: 

Sm(0,  t)  =  Ri  •  S"  (0,  t)  (8) 

S'  (L,t)  =  R2S+(L,t)  (9) 

Furthermore,  the  optical  output  power  from  one  end- 
facet  is  related  to  the  total  photon  density  adjacent  to  the 
facet  according  to  the  following  expression; 


p,(.)  =  hc»wd 

M 

•O-Ri)-  X 

S«(0,t) 

r-X-neff 

m  =  -M 

(10) 

p2(„  =  hc°wd 

M 

(1-R2).  X 

Sm(L,  t) 

r-X-neff 

m  =  -M 

(11) 

A  note  should  also  be  made  here  about  the  definition  of 
the  cavity  losses.  The  average  losses  in  the  cavity  are 
usually  expressed  as  an  inverted  photon  lifetime: 

f  =  -T2--[«eff  +  TUl+Tld.2] 

Tp  n„ff  (12) 


where  the  mirror  loss  factor,  q  ^ is  defined  as 


TUi  =  yL  '  l»[l/Ri] 


(13) 


Equation  (12),  however,  is  not  applicable  when  a 
longitudinally  variable  loss  term,  a(z)  is  considered. 
Therefore  in  our  model  the  mirror  losses  (Eq.  (13))  are 
accounted  for  by  the  boundary  conditions  (Eqs.  (8)  and 
(9))  and  are  not  included  in  the  loss  terms. 


Results 


An  actively  Q-switched  laser  may  be  constructed  by 
monolithically  integrating  a  50  pm  long  modulator 
section  with  a  250  pm  long  multiple  quantum  well 
laser  section  as  described  in  Fig.  1  [10].  The  laser 
section  is  operated  by  a  bias  current  above  threshold 
and  the  Q-switching  is  achieved  by  varying  the  voltage 
across  the  modulator  section  and  thus  also  varying  the 
absorption  inside  the  active  region.  Typical  values  of 
the  material  absorption  in  the  experiment  described  by 

Arakawa  et  al.  [10]  were  a!  =  3000  cm  -1  for  a 

modulator  bias  voltage  of  +  1  V  to  a]  =  12000 
cm  -1  for  a  modulator  bias  of  -  1  V. 

In  our  computer  model  we  allow  for  the  possibility  of 
simulating  this  variation  of  the  absorption  inside  the 
laser  cavity.  Thus,  the  absorption  profile  in  the  300  pm 
long  device  is  described  by 

,  X  f  Ot laser  (0  <  Z  <  250  pm) 

Oeff(z)  =  { 

“mod  (250  <  z  <  300  pm)  (14) 

where 


“mod  =  r-“i  +(l-r)-“2  +  “m  Sin  (0)a  t)  (15) 


Figure  1.  Schematic  diagram  of  a  Q-switched 
GaAs/AlGaAs  MQW  laser.  The  device  consists  of  a 
50  pm  long  modulator  section  adjacent  to  a  250  pm 
long  laser  section  . 


Time  [ns] 

Figure  2.  Calculated  optical  output  pulse  6  ns  after  a 
dc  bias  current  of  170  mA  is  applied.  The  modulation 
frequency  of  the  absorption  was  1.5  GHz. 
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For  our  calculations  we  have  used  the  figures 
otj  =  5000  cm  a2  =  100  cm  -1,  and  am  =  3000 
cm  -1  in  the  modulator  section  (i.e.z-values  between 
250  jim  and  300  Jim).  In  the  laser  section  (0  < 

z  <  250  jtm)  the  losses  were  taken  to  be  alaser  =100 
cm  "l.  For  all  the  following  numerical  calculations  we 
have  used  these  values  of  the  absorption  profile 
together  with  the  device  parameters  presented  in 
Table  2. 

Table  2.  Parameter  values  used  in  the  calculations. 


L 

= 

300 

[Jim] 

w 

= 

5 

[Jim] 

d 

= 

0.1 

[jun] 

= 

2.0 

[ns] 

p 

= 

0.0001 

No 

= 

1.0-10  24 

[m-3] 

Rt 

= 

30 

% 

R2 

= 

30 

% 

neff 

= 

3.5 

= 

0.85 

[Jim] 

r 

— 

0.13 

= 

1.5  -10  “20 

[m2] 

bm 

®eff 

*) 

2.0- 10  22 

InT3] 

Q 

= 

30 

M 

= 

2 

*)  Value  changed  in  the  calculations. 


With  am  =  0  the  threshold  current  was  estimated  to 
120-  130  mA,  which  should  be  compared  with  the 
value  Ith  =  115  mA,  measured  by  Arakawa  et  al.  [  10). 

Applying  a  dc  bias  current  in  the  laser  section  at  time 
t  =  0,  together  with  a  modulation  of  the  absorption 
profile,  as  described  above  in  Eqs.  (14)  and  (15), 
produced  distinct  Q-switched  optical  output  pulses.  For 
an  input  bias  current  of  I  =  170  mA  and  a  modulation 

frequency  of  1.5  GHz  optical  pulses  of  At1/2  =  22.0 
ps  (FWHM)  was  observed  after  the  system  had 
stabilized.  Fig.  2.  The  calculated  value  of  the  pulse 
width  is  in  good  agreement  with  the  18.6  ps  measured 
by  Arakawa  et  al.  [10],  using  second  harmonic 
generation  (SHG).  Maintaining  the  modulation  of  the 
absorption  in  the  modulator  section  at  a  constant 
frequency  of  1.5  GHz  and  varying  the  dc  bias  current 
in  the  laser  section  resulted  in  the  dependence  of  both 
the  pulse  width  and  the  peak  power  of  the  optical 
output  pulses,  shown  in  Fig  3. 

Arakawa  et  al.  also  reported  the  measured  pulse 
widths  to  be  nearly  independent  of  the  modulation 
frequency.  In  the  range  500  MHz  to  3.2  GHz  pulse 
widths  from  19  ps  to  22  ps  were  measured  at  a  bias 
current  of  I  =  150  mA.  In  our  calculations  we  have 
obtained  pulse  widths  between  20  and  23  ps  for 
modulation  frequencies  from  1 .0  to  3.0  GHz  at  a  bias 
current  of  165  mA  (Fig.  4).  In  Fig.  4  we  show  both 
the  variation  of  the  calculated  pulse  widths  as  well  as 
the  peak  pulse  power  as  a  function  of  the  modulation 
frequency  of  the  absorption.  The  results  shown  in  Fig. 
3  and  4  are  plotted  aproximately  6  ns  after  the  bias 
current  is  applied. 

In  Fig.  5  on  the  next  page  we  show  a  three- 
dimensional  view  of  the  calculated  electron  density 
(Fig.  5a)  and  photon  density  (Fig.  5b)  for  an  actively 
Q-switched  laser  biased  with  I  =  165  mA  and  with  a 
modulation  frequency  of  1.5  GHz.  It  can  be  seen  that 
the  abrupt  change  in  the  absorption  inside  the  cavity  (at 
z  =  250  Jim)  results  in  a  dramatic  change  in  the 
electron  and  photon  density. 
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Figure  3.  Pulse  width  as  a  function  of  the  dc  bias 
current  applied  in  the  laser  section.  The  modulation 
frequency  of  the  absorption  in  the  modulator  section 
was  set  to  1.5  GHz. 


Figure  4.  Pulse  width  as  a  function  of  the 
modulation  frequency  at  a  bias  current  in  the  laser 
section  of  I  =  165  mA.  Parameters  used  for  the 
calculations  are  given  in  Table  2. 
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Figure  5a.  A  three  dimensional  view  of  the  electron  density  as  a  function  of  time  t  and  longitudinal  coordinate  z  For 
this  calculation  the  device  was  biased  with  a  dc  current  I  =  165  mA  in  the  laser  section  (0  <  z  <  250  ^m)  and  the 
absorption  was  modulated  with  a  frequency  of  1.5  GHz  in  the  modulator  section  (250  |im  <  z  <  300  jim). 


[•10 
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t  [ns] 


z  [fim] 


Figure  5b.  A  three  dimensional  view  of  the  photon  density  in  the  Q-switched  laser.  Parameters  used  for  the 
calculations  are  the  same  as  in  Fig.  5a. 
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Conclusions 

We  have  presented  a  computer  model  based  on  the 
multimode  travelling-wave  rate-equations.  The  model 
has  been  used  to  simulate  the  dynamic  behavior  of  an 
actively  Q-switched  semiconductor  laser  and  we  have 
found  good  agreement  between  our  calculations  and 
experimental  results.  While  most  computer  models  are 
especially  designed  for  some  specific  type  of  problem, 
the  key  feature  of  our  model  is  its  ability  to  simulate 
longitudinally  nonuniform  semiconductor  structures 
over  a  wide  span  of  applications.  Furthermore,  our 
model  can  easily  be  implemented  on  a  small  PC-type 
computer,  even  though  the  theory  incorporates 
advanced  topics  such  as  explicit  multimode  behavior 
and  longitudinal  variations  of  the  injected  current  and 
absorption  profile.  An  extension  of  the  model,  to 
incorporate,  for  example,  nonlinear  terms  in  the 
recombination  rate  and  a  longitudinal  dependence  of  the 
refractive  index,  is  straightforward  and  does  not  entail 
numerical  difficulties.  Hence,  we  believe  that  the 
relatively  simple  travelling-wave  rate-equations  can  be  a 
valuable  tool  for  scientists  working  in  the  field  of 
optoelectronics,  and  especially  those  who  are  interested 
in  simulating  ultrafast  pulse  generation  in  optoelectronic 
devices. 
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All  s  tract 

Pulsed  injection  seeding,  where  the  master 
laser  is  mode-locked  and  the  slave  laser 
gain  switched,  presents  several  advantages 
over  CW  injection  seeding  and  yields 
stable,  higher  power,  coherent,  short 
pulses. 

llUr9.dlKtiQn 

High  speed  logic  (>10  Gbit  rates)  requires  a 
synchronously  distributed  clock,  which 
preserves  coherence.  Because  of  clock 
fanout,  the  clock  source  must  generate 
high  average  power  pulses.  With  this 
motivation,  we  have  developed  techniques, 
which  use  actively  modelocked 
semiconductor  lasers.  Active  mode-locking 
of  a  semiconductor  laser  in  an  external 
cavity  can  generate  a  train  of  nearly 
transform  limited  short  pulses  (0.5-30  pS) 
with  a  narrow  spectrum  consisting  of  only 
one  cluster  of  locked  longitudinal  modes 
[1,2],  However,  when  the  DC  bias  current 
is  raised  well  above  threshold  in  an 
attempt  to  generate  higher  power,  the 
spectrum  of  the  emission  becomes  multi- 
mode  clusters.  Therefore,  it  is  difficult  to 
achieve  high  power  output  with  desirable 
spectral  and  temporal  characteristics  from 
the  laser  oscillator  alone.  One  way  to 
achieve  these  goals  is  by  injection  seeding 


a  slave  laser.  In  this  work  we  report  the 
successful  demonstration  of  this  concept. 
Good  temporal  (30  pS)  and  spectral  control 
(single  mode  cluster)  have  been  achieved 
with  a  power  gain  of  up  to  17  dB  in  a  gain 
switched  slave  laser.  These  results  indicate 
that  coherent  power  combining  should  be 
possible  for  the  generation  of  high  average 
power  picosecond  pulses  by  this  injection 
seeding  and  amplifying  technique,  when 
locking  together  a  large  number  of  the 
gain-switched  slave  lasers  with  a  single 
master  laser. 

Recently,  we  demonstrated  that  the 
emission  spectral  width  of  a  mode-locked 
slave  laser  high  above  threshold  can  be 
reduced  to  one  cluster  by  injection  seeding 
with  a  CW  laser,  while  introducing  only  a 
small  pulse  broadening  [1,2].  However,  in 
this  work  we  report  a  significantly  new 
approach,  whereby  we  can  generate  higher 
power,  more  stable  pulses  by  mode¬ 
locking  the  master  laser  and  by  gain 
switching  the  slave  laser  (without  external 
cavity)  instead  of  synchronously  mode¬ 
locking  the  slave  laser.  The  resultant 
output  retains  the  best  features  in  the 
master-slave  combination  (spectral  purity 
of  the  master  and  high  power,  short  pulse 
duration  of  the  slave)  while  eliminating 
the  undesirable  ones.  In  addition,  we 
compare  pulsed  injection  seeding  to  the 
previously  reported  CW  injection  seeding 
[1,2]  by  using  a  mode-locked  master  laser 
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close  to  threshold.  It  was  found  that 
pulsed  injection  seeding  has  two 
advantages  over  CW  seeding.  First,  the 
stability  of  the  system  is  greatly  improved 
with  a  pulsed  master  laser.  Second,  a 
lower  injected  average  optical  power  is 
needed  to  obtain  the  same  level  of 
sidemode  suppression  and  the  same  pulse 
duration  as  in  the  CW  case.  Pulsed 
injection  did  not  result  in  a  broader 
spectrum  than  CW  injection.  With  this 
technique,  short  pulses  (less  than  40  pS) 
can  be  generated  even  when  the  slave 
laser  is  operated  high  above  threshold, 
emitting  higher  power. 


The  master  and  slave  lasers  were  a  pair  of 
wavelength-matched  Hitachi  HLP  1400 
lasers  emitting  close  to  830  nm.  The 
master  laser  was  mounted  in  a  7  cm  long 
external  cavity,  and  both  lasers  were 
driven  by  a  dc  bias  current  and  a 
sinusoidal  modulation  at  a  frequency 
around  1.9  GHz  (Fig.  1).  The  master  laser 
was  isolated  from  the  slave  laser  by  a 
Faraday  isolator,  and  its  emission  was 
injected  into  the  slave  laser  by  a  50% 
reflection  beam  splitter.  The  output 


Fig.  1:  Experimental  setup.  MW: 
microwave  synthetizer;  DC:  dc  bias  current; 
PS:  phase  shifter;  ML,  SL:  master  and  slave 
lasers  (Hitachi  HLP  1400);  GL:  GRIN  lens; 
Ml:  mirror  (50%);  CL:  cavity  length  (7  cm); 
ISO:  optical  isolator;  MO:  microscope 
objective;  IF:  Mach-Zehnder 

interferometer;  BS:  Beam  Scan  (Photon 
Inc.). 


average  power  of  the  gain  switched  slave 
laser  was  2  to  7  mW.  The  output  was 
characterized  with  a  monochromator  and  a 
Hamamatsu  optical  sampling  oscilloscope 
(OOS-1)  with  a  rise  time  of  10  pS.  The 
coherence  of  the  output  was  measured  by 
a  Mach-Zehnder  interferometer  where  one 
pulse  interfered  with  the  second 
successive  pulse.  The  interference  fringes 
were  recorded  by  a  BeamScan  (Photon, 
Inc.),  which  scans  the  spatial  profile  of  the 
beam  with  a  rotating  slit. 

Optimization  of  the  injection  was 
obtained  by  careful  alignment  of  the 
master  laser  beam  into  the  slave  laser,  by 
adjustment  of  the  microwave  modulation 
timing  using  the  phase  shifter,  and  by 
temperature  tuning  the  slave  laser  to 
match  the  master’s  wavelength. 


A  typical  result  of  pulsed  injection  seeding 
is  shown  on  Fig.  2.  The  gain  switched  slave 
laser  was  emitting  short  pulses  (32  pS 
FWHM  measured)  and  a  broad  spectrum  of 
many  clusters  (Fig.  2,  middle).  After 
injection  by  the  master  laser  with  narrow 
spectrum  (Fig.  2,  top),  the  output  spectrum 
of  the  slave  laser  contains  only  one  cluster, 
the  frequency  side  mode  suppression  ratio 
is  better  than  22  dB,  and  the  pulse 
duration  has  increased  only  slightly  to 
about  37  pS  (Fig.  2,  bottom).  The  same 
results  could  be  achieved  with  CW 
injection  only  if  the  injected  power  was 
doubled.  Moreover,  the  pulsed  injection 
scheme  produces  a  much  more  stable 
output.  The  recorded  interference  fringe 
pattern  demonstrates  the  coherence  of  the 
injected  slave  output.  The  output  power 
was  6.1  mW  while  the  injected  power  was 
0.4  mW,  resulting  in  a  “gain”  of  15.  When 
the  injected  power  was  lowered  to  0.13 
mW--increasing  the  "gain"  to  46--the  side 
mode  suppression  ratio  decreased  to  17 
dB.  It  should  be  noted  that  the  set-up 
could  be  improved  by  injecting  the  master 
laser  light  through  the  back  facet  of  the 
slave.  If  the  power  were  raised  above  8 
mW  by  raising  the  DC  current  to  the  slave 
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Fig.  2:  Example  of  pulsed  injection  seeding  result:  interference  fringes  (first  column),  spectra  (second  column) 
and  temporal  pulse  shapes  (third  column).  Top:  master  laser  alone,  center:  slave  laser  alone,  bottom:  slave  laser 
with  injection. 


laser,  a  shoulder  appeared  in  the  temporal 
pulse  shape  of  the  output,  due  to  the 
formation  of  a  second  pulse  .  This 

phenomena  limits  the  output  power 
attainable  with  this  type  of  lasers. 

The  word  "gain"  was  left  in  quotes  to 
stress  the  fact  that  this  injection  seeding 
technique  differs  from  a  simple 
amplification  approach,  as  explained  in  the 
following  two  arguments.  First,  the  slave 

laser  is  lasing  high  above  threshold  when 
the  injection  is  performed.  Second,  with 
this  technique,  the  pulses  from  the  master 
laser  are  not  only  amplified  in  the  slave 

laser  but  also  shortened  in  duration.  The 
output  spectrum  is  also  wider  than  the 

master  laser  spectrum  alone. 

The  large  chirp  of  the  output  light  may 
be  used  in  a  pulse  compression  scheme  to 
shorten  the  output  pulse  duration.  If  this 
is  successful,  this  source  would  be  suitable 
for  electro-optic  sampling  of  ultrafast 
circuits. 

All  of  our  experimental  results  were 
obtained  with  simple,  inexpensive 
commercial  lasers.  However,  the  technique 


should  be  applicable  to  many  other  types 
of  lasers,  commercial  or  experimental,  for 
instance,  with  a  larger  power  output 
capability. 

Because  only  a  small  amount  of  master 
laser  power  is  required  for  one  slave  laser, 
it  should  be  possible  to  lock  together  a 
large  number  of  slave  lasers  with  one 
master  laser.  This  will  be  an  effective 
coherent  power  combining  scheme  to 
coherent  power  combining  scheme  to 
obtain  stable,  high  power,  coherent,  short 
pulses. 
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1  Abstract 

Charge  transport  in  several  double  bar¬ 
rier  diodes  has  been  studied  with  optical 
transmission-based  methods.  The  quantum- 
well  stored  charge  is  quantified,  and  accu¬ 
mulation  and  depletion  regions  are  observed. 
Evidence  for  both  inter-  and  intra-subband 
scattering  is  found. 


2  Introduction 

Double-barrier  tunneling  heterostructures  are  part 
of  an  emerging  class  of  devices  that  rely  on  quantum- 
mechanical  effects  for  their  operation.  A  deeper 
understanding  of  these  devices  is  possible  when  di¬ 
agnostic  methods  that  augment  electrical  measure¬ 
ments  are  employed.  In  our  project,  we  have  used 
differential  absorption  spectroscopy  (DAS)  to  in¬ 
vestigate  the  operation  of  the  resonant-tunneling 
double-barrier  diode  (DBD). 

This  technique,  whose  experimental  realization  is 
detailed  in  Fig.  1,  relies  on  measurements  of  nor¬ 
malized  changes  in  optical  transmission,  A T/T  = 
[' T{V )  -  T(V0))/T(V0)  where  T(x)  is  the  transmis¬ 
sion  at  voltage  x,  arising  from  electrical  modula¬ 
tion  imposed  upon  the  device. [1,2]  For  small  sig¬ 
nals  AT/7’  ~  -/Aa,  where  A  a  =  a(V)  —  a(Vo) 
is  the  change  in  absorption  and  l  is  the  length  over 
which  the  change  occurs.  Lock-in  signal  extraction 
allows  the  observation  of  AT jT  signals  as  small  as 
~  10~4,  permitting  observation  of  events  on  length 


scales  ~  10A  with  low  probe  intensities  (we  use  an 
incandescent  lamp).  DBD  depletion  and  accumula¬ 
tion  regions  can  be  seen,  as  can  signals  originating  in 
the  QW.  This  signal  can  be  calibrated  to  obtain  the 
QW  stored  charge  Q.  These  methods  have  previ¬ 
ously  been  applied  to  modulation-doped  field-effect 
transistors.  [2] 

Other  workers  have  studied  the  charge  accumula¬ 
tion  in  a  DBD  using  photoluminescence, [3]  excita¬ 
tion  spectroscopy  in  conjunction  with 
photoluminescence, [4]  as  well  as  methods  involving 
magnetic  fields. [5]  Since  we  can  use  low  light  in¬ 
tensities  and  rely  on  optical  absorption-a  technique 
allowing  absolute  calibration-we  believe  DAS  to  be 
both  a  significantly  more  accurate[3],  and  a  much 


Monochromator  Dewar 


Fig.  1  Schematic  Experimental  geometry. 
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less  invasive  method  of  determining  Q.  In  addition, 
we  can  determine  the  energy  distribution  of  the  elec¬ 
trons  stored  inside  the  QW,  without  the  confusion 
caused  by  creating  large  numbers  of  highly  excited 
electron-hole  pairs  in  the  measurement  process. 

All  samples  were  grown  by  molecular  beam  epi¬ 
taxy  on  conducting  InP  substrate  and  show  pro¬ 
found  negative  differential  resistance  (NDR).  Elec¬ 
trode  doping  in  single  resonance  samples  was  5  x 
1017cm-3,  and  the  QW  thickness  was  45  A  .  Bar¬ 
rier  thickness  varied  between  55  and  95  A  ,  with  in¬ 
tended  geometries  indicated  in  the  legend  of  Fig.  4. 
[1]  The  barrier  material  is  Ino.52Alo.48As,  with  QW 
and  electrodes  being  In0  53680.47 As.  Measurements 
were  performed  on  150  pm1  mesas  at  10K. 

3  Results 

Representative  10  K  DAS  data  are  shown  in  Fig. 
2.  The  three  A T/T  =  [T(V)  -  T(0)]/T(0)  spec¬ 
tra  were  obtained  for  modulation  between  zero  and 
points  indicated  on  the  I-  V  curve:  low  voltage  prior 
to  the  onset  of  tunneling  (smallest  curve),  at  the 
peak  of  the  NDR,  and  at  the  valley  of  the  NDR 
(dotted  curve).  The  major  features  of  the  data  are 
a  negative  going  signal  peaked  at  ~  0.83  eV  due  to 
the  formation  of  a  depletion  layer,  a  positive  feature 
at  ~  0.9  eV  due  to  the  formation  of  an  accumula¬ 
tion  region,  and  a  set  of  signals  near  1  eV  coming 
from  the  QW.  In  the  accumulation  layer,  increases 
in  carrier  density  relative  to  zero  bias  increase  the 
number  of  occupied  states  at  E  >  Es  +  Ej  (Ea  is 
the  bandgap  and  Ej  is  the  zero  bias  Fermi  energy), 
preventing  absorption  from  taking  place  and  making 
the  sample  slightly  more  transparent  in  this  energy 
range.  This  causes  a  positive  AT/T  signal.  Simi¬ 
larly,  depletion  of  carriers  from  beyond  the  collector 
barrier  enhances  absorption  for  Eg  <  E  <  Eg  +  Ej 
and  causes  a  negative  peak. 

QW  signals  have  two  distinct  lineshapes,  which 
is  helpful  in  identifying  device  activity.  Differential 
(two-signed)  signals  are  due  to  field  induced  shifts 
of  the  exciton  resonance,  and  arise  from  the  quan¬ 
tum  confined  stark  effect.  These  signals  are  indica¬ 
tive  of  a  mainly  empty  QW.  As  electrons  populate 
the  QW,  the  dominant  effect  becomes  a  bleaching 
of  the  excitonic  absorption  via  the  Pauli  exclusion 
principle,  and  a  strictly  positive  spectral  feature  re¬ 
sults.  Thus,  we  can  see  the  filling  and  emptying  of 
the  QW  during  transport.  At  low  voltages,  prior 
to  the  onset  of  tunneling,  the  QW  signal  is  small 
and  differential,  consistent  with  the  empty  state  of 
the  QW  resonance.  At  the  peak  of  the  NDR,  the 
signal  is  strong  and  positive,  indicating  charge  ac- 


Fig.  2  Representative  DAS  data,  band  diagram, 
and  I-V  curve,  with  modulation  voltages  indicated. 

cumulation.  At  the  valley  of  the  NDR,  the  signal 
becomes  abruptly  differential  in  nature,  consistent 
with  a  mostly  empty  QW. 

Focusing  on  the  QW  signals  in  more  detail,  Fig.  3 
presents  I-V  curves  along  with  the  QW  signals  ob¬ 
tained  from  two  samples.  Modulation  was  between 
zero  and  various  voltages  ranging  between  the  on¬ 
set  of  tunneling  and  the  peak  of  the  NDR.  A  T/T 
signal  strength  steadily  increases  with  bias.  These 
spectra  provide  information  about  the  accumulation 
of  charge  in  the  QW.  In  Fig.  3(a),  spectra  for  the 
structure  having  barrier/ well/barrier  dimensions  of 
55/45/80  A  are  presented,  for  the  bias  direction  in 
which  the  emitter  barrier  (denoted  by  /  with  trans¬ 
mission  7))  is  55  A  thick.  In  Fig.  3(b),  we  present 
similar  data  for  a  corresponding  symmetric  sample, 
having  a  56/45/56  A  geometry.  The  peak  current 
densities  for  both  samples  are  similar.  However,  the 
AT/T  signals  from  the  asymmetric  sample  are  much 
larger  than  those  from  the  comparable  symmetric 
sample.  This  is  due  to  enhanced  charge  accumula¬ 
tion  in  the  QW  of  the  asymmetric  sample,  and  can 
be  attributed  directly  to  changes  in  transmission  of 
the  collector  barrier  (denoted  by  r  and  Tr).  The 
absorption  bleaching  in  the  asymmetric  sample  is 
approximately  equal  to  the  total  exciton  absorption 
strength,  as  measured  on  a  45  A  multiple  quan¬ 
tum  well  (MQW)  calibration  sample,  while  the  sig¬ 
nals  in  Fig.  3(b)  are  less  than  17  percent  of  this 
value.  This,  coupled  with  the  increasing  asymme¬ 
try  of  the  DAS  lineshape-indicative  of  the  onset  of 
continuum  band  filling— tell  us  that  the  exciton  has 
been  completely  bleached  in  the  asymmetric  sample. 
Conversely,  when  biased  such  that  the  emitter  bar¬ 
rier  is  80  A  thick,  QW  charge  accumulation  is  not 
observable. 
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Bleaching  signals  obtained  for  current  densities 
ranging  from  the  onset  of  tunneling  to  the  peak  of 
the  NDR  can  be  calibrated  to  obtain  the  QW  stored 
charge  to  an  accuracy  of  better  than  50  percent. 
Calibration  is  achieved  by  knowing  the  amount  of 
exciton  bleaching  induced  by  a  known  population 
of  electrons.  We  get  this  information  from  mea¬ 
surements  of  a  50  period  MQW  sample  having  45 
A  Ino  53Gao  47AS  wells  and  70  A  Ino.52Alo  .u3As 
barriers.  In  this  sample  we  can  measure  the  ab¬ 
solute  exciton  absorption  strength,  binding  energy, 
and  saturation  density.  Knowing  the  absolute  ab¬ 
sorption  strength  of  the  QW,  coupled  with  its  satu¬ 
ration  behavior,  provides  a  ‘ruler’  against  which  the 
absorption  bleaching  in  our  DBD  samples  can  be 
compared.  We  can  thus  obtain  a  calibrated  measure 
of  the  stored  QW  charge.  It  should  be  emphasized 
that  DAS  is  unique  among  techniques  used  to  mea¬ 
sure  Q  in  providing  such  an  absolute  external  cali¬ 
bration.  Specifically,  we  use  relations  between  car¬ 
rier  population  and  absorption  bleaching  to  allow  us 
to  obtain  the  QW  stored  charge. [1,2, 6, 7]  The  most 
basic  of  these  relationships,  valid  in  the  small  signal 
regime,  is  A  a/a  =  —  N/Nf,  where  A  a  is  obtained 
from  AT/T  data,  a  is  the  unperturbed  exciton  ab¬ 
sorption  (obtained  from  the  calibration  sample  and 
taken  here  to  be  20000  cm-1  and  Nf  is  the  exciton 
saturation  density  for  electrons. [8]  In  Fig.  4  we  sum¬ 
marize  the  results  of  these  studies  with  tabulation  of 
Q  and  Q/J  as  a  function  of  J  for  various  samples. 

Analysis  of  QW  charge  density  in  the  asymmetric 
sample  presents  a  special  problem,  because  of  the 
large  exciton  bleaching  involved.  For  low  levels  of 
bleaching,  we  can  use  A  a/a  =  —N/Nf  to  find  N. 
In  the  large  signal  regime,  we  take  advantage  of  the 
lineshape  of  the  DAS,  which  tells  us  that  we  have 
just  reached  the  point  of  complete  exciton  bleach¬ 
ing.  This  will  occur  when  all  the  states  that  con¬ 
tribute  to  the  exciton  wavefunction  are  occupied. 
In  energy  space,  this  corresponds  to  0  <  E  <  Eb, 
where  Eh  is  the  exciton  binding  energy.  From  the 
absorption  spectra  of  the  same  50  period  MQW  on 
which  Nf  was  measured,  we  find  Et,  =  9.5  meV, 
and  thus  a  density  of  1.63  x  10n  cm-2  for  complete 
exciton  bleaching.  We  thus  have  confidence  in  our 
charge  density  values  at  low  and  high  levels  of  exci¬ 
ton  bleaching,  and  linearly  interpolate  between  them 
to  obtain  the  data  for  the  asymmetric  sample  shown 
in  Fig.  4. 

4  Interpretation 

Observe  that  the  NDR  peak  bleaching  signal  in  Fig. 
3(b)  is  that  of  a  carrier  population  localized  near 


Asymmetric  Sample 


Symmetric  Sample 


Energy  (eV) 

Fig.  3  QW  DAS  signals  and  I-V  curves  for 
(a)  a  55/45/80  A  geometry  asymmetric  sample,  bi¬ 
ased  so  that  the  emitter  barrier  is  55  A  ,  and  (b)  a 
56/45/56  A  symmetric  barrier  sample.  The  greatly 
increased  bleaching  signal  in  the  asymmetric  sample 
corresponds  to  increased  QW  charge  accumulation 
as  compared  to  the  symmetric  sample. 

the  bottom  of  the  band,  in  that  no  evidence  of  ab¬ 
sorption  bleaching  is  observed  at  higher  energies.  If 
carriers  were  present  at  higher  energies,  continuum 
absorption  bleaching  would  result  in  positive  DAS 
signals  at  higher  energies.  The  sensitivity  level  to 
such  bleaching  is  estimated  to  be  5  x  108cm~2  in  a 
2  meV  bandwidth  typical  for  these  measurements. 

This  observation  implies  that  parallel  momentum 
relaxation  has  taken  place.  At  the  peak  of  the 
NDR,  the  resonance  level  aligns  with  the  conduc¬ 
tion  band  edge  of  the  injecting  electrode.  Therefore, 
tunneling  electrons  have  essentially  zero  momentum 
directed  perpendicular  to  the  barriers  and  a  wide 
range  of  energies  £||  =  (hifc||)2/(2m)  associated  with 
Itjl ,  the  momentum  directed  parallel  to  the  barriers: 
0  <  £||  <  £/.[9]  In  our  samples  Ej  >  55  meV.  We 
conclude  that  almost  all  the  carriers  have  relaxed 
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via  intra-subband  scattering  from  an  initial  distri¬ 
bution  of  0  <  £j|  <  Ej  to  one  of  0  < 
where  Et  ~  9  meV  is  the  exciton  binding  energy 
in  this  sample.  Such  relaxation  clearly  requires  in- 
elasttc  scattering  events  to  occur.  This  relaxation 
is  observed  in  all  our  samples  and  demonstrates  the 
inelastic  nature  of  the  resonant  tunneling  process  in 
them.  This  result  is  not  particularly  surprising  when 
the  time  scales  over  which  carriers  reside  in  the  QW 
are  considered  and  compared  to  typical  (<  1  ps) 
phonon  emission.  Q/J  provides  such  a  time  scale 
and  is  plotted  in  Fig.  4(b). 

Of  particular  interest  is  the  behavior  of  Q/J  in 
the  asymmetric  sample  (the  open  squares  in  Fig.  4). 
The  strong  decrease  in  Q/J  with  bias  in  the  asym¬ 
metric  sample  is  consistent  with  the  theoretical  form 
for  Q/J  that  derives  from  the  classical  period  in  the 
well  and  the  transmission  probability  Tr  of  the  col¬ 
lector  barrier.  We  find  that 

Q  21  hir 

J  vTr  Try/E/E~r'  ' 

where  Er  is  the  energy  of  the  quasibound  QW  res¬ 
onance  and  Ei  =  h2  ie2  /  (2mL7)  (m  is  the  effective 
mass,  L  is  the  well  width,  and  v  is  the  carrier  ve¬ 
locity  perpendicular  to  the  barriers).  However,  it  is 
inconsistent  with  the  bias  dependence  of  the  coher¬ 
ent  state  lifetime  h/AE,  where  AE  is  the  full  width 
at  half  maximum  of  the  overall  transmission  reso¬ 
nance.  This  transmission  function  is  very  similar  to 
that  of  a  Fabry-Perot  cavity[10].  Without  scatter¬ 
ing,  we  find 

_L  ~ _ — _  (2) 

AE  (Tr  +  Ti)\/E\E/'  V  ’ 

and  the  two  theoretical  forms  are  not  equal.fi  1] 

Since  bias  causes  Tj  to  decrease  while  Tr  increases, 
the  differences  between  Q/J  and  h/AE  are  clearly 
illuminated  via  the  bias  dependence  of  Q/J  in  a 
sample  in  which  Ti  exceeds  Tr.  In  symmetric  sam¬ 
ples  placed  under  bias,  Tr  rapidly  dominates  7}  and 
Eqs.  (1)  and  (2)  become  similar.  In  the  asymmet¬ 
ric  sample,  however,  the  two  forms  predict  oppo¬ 
site  trends,  with  Eq.  (1)  indicating  a  strong  decrease 
with  bias  while  Eq.  (2)  shows  an  increase.  Exper¬ 
imentally,  we  observe  a  decrease,  confirming  that 
Q/J  and  h/AE  are  not  equal. 

It  is  interesting  to  note  that  while  our  experi¬ 
mental  results  demonstrate  that  inelastic  scattering 
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Fig.  4.  (a)  Q  vs  J  for  all  samples,  (b)  Q/J  vs  J 
for  all  samples 

does  occur  during  the  transport  through  our  sam¬ 
ples,  simple  scattering-free  calculations  of  Q/J  using 
Eq.  (1)  and  transfer  matrix  calculations  of  Tr  agree 
reasonably  well  (within  a  factor  of  2)  with  our  exper¬ 
imental  results  for  Q/  J  ranging  from  10  ps  to  over  2 
ns.  There  are  severed  possible  explanations  for  this 
interesting  observation.  Initially,  we  note  that  paral¬ 
lel  momentum  relaxation  in  the  QW  does  not  affect 
Eq.  (1),  since  it  depends  only  on  the  velocity  of  carri¬ 
ers  perpendicular  to  the  barriers.  Further,  Stone  and 
Lee[12]  have  argued  (in  one  dimension)  that  scatter¬ 
ing  preserves  the  area  under  the  transmission  peak. 
That  is,  scattering  tends  to  broaden  the  transmission 
resonance  while  decreasing  its  height  such  that  the 
area  under  the  transmission  is  conserved.  Since  the 
three-dimensional  carrier  distribution  in  the  emit¬ 
ter  electrode  is  much  wider  in  energy  than  the  res¬ 
onance,  tunneling  injection  occurs  across  the  entire 
width  of  the  resonance.  Quantities  such  as  Q  and 
J  must  then  be  relatively  insensitive  to  scattering, 
because  they  integrate  across  the  transmission  peak. 
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Corrections  to  this  model  that  take  into  account  Fy 
distribution  effects,  such  as  coupling  to  Fy  and  vari¬ 
ation  in  barrier  height  with  lb|j,  have  not  been  con¬ 
sidered. 

Fig.  4  permits  several  observations  to  be  made 
about  the  accumulated  charge  in  symmetric  barrier 
structures.  First,  we  observe  that  the  largest  charge 
accumulations  in  a  given  device  occur  at  the  peak 
of  the  NDR,  where  the  current  is  maximum.  This  is 
the  case  because  the  number  of  carriers  capable  of 
tunneling  into  the  resonant  state  steadily  increases 
as  the  resonance  level  is  brought  into  alignment  with 
the  emitter  electrode  band  edge,  and  despite  the  fact 
that  the  finesse  of  the  DBD,  when  viewed  as  a  Fabry- 
Perot  cavity,  degrades  with  bias.  The  finesse  ( F )  can 
be  defined  for  a  cavity  with  transmissions  T/,Tr  << 
1  as 

F  =  T^pr,'  <3> 

The  current  through  the  device  at  the  NDR  peak  is 
related  to  the  overall  maximum  resonant  transmis¬ 
sion.  In  the  absence  of  scattering  and  for  T|,Tr  <<  1 
this  is  [10,13] 


4T,Tr 

{T,  +  Try 


(4) 


From  this  and  Eq.  (1)  it  follows  that  Q  depends  not 
just  on  F,  but  also  on  T\  as 

Q“(7rrW“:r'f'1'  (5) 

where  these  equations  assume  carrier  transport  from 
/  to  r.  We  stress  that  this  equation  does  not  con¬ 
sider  all  the  factors  on  which  Q  can  depend,  just 
the  barrier  transmissions.  Eq.  (5)  shows  that  it  is 
possible  for  an  asymmetric  structure  to  have  charge 
accumulation  exceeding  that  of  a  symmetric  struc¬ 
ture  having  much  higher  finesse,  provided  7}  exceeds 
Tr. 

Finally,  we  note  that  the  electric  field  due  to  the  Q 
values  we  have  measured  is  small  compared  to  the 
externally  applied  field.  At  the  peak  of  the  NDR, 
the  electric  field  imposed  on  the  structure  is  in  the 
1  —  2  x  105  V/cm  range,  while  the  maximum  elec¬ 
tric  field  arising  from  the  largest  Q  values  is  roughly 
1.3  x  104  V/cm.  Therefore,  these  levels  of  charge  ac¬ 
cumulation  should  not  have  a  significant  screening 
effect  on  the  external  field.  Larger  charge  accumula¬ 
tions  could  be  expected  for  more  heavily  doped  elec¬ 
trodes,  since  Q  depends  on  the  number  of  electrons 
capable  of  tunneling  at  a  given  voltage. 


5  Two-resonance  samples 


Evidence  for  inter-subband  scattering  can  be  found 
by  studying  a  sample  containing  two  confined  states 
and  having  two  NDR  regions. [5]  This  sample  has  70 
A  barriers  and  a  100  A  QW  and  is  doped  in  the 
electrodes  to  1.5  x  1017cm~3.  Biasing  to  voltages 
approaching  the  second  NDR  region  injects  carriers 
into  the  second  QW  level.  In  Fig.  5,  we  present  data 
for  the  two-resonance  sample,  specifically  the  DAS 
signals  arising  from  the  second  QW  level,  obtained 
at  various  modulation  voltages.  The  I-V  curve  is 
also  shown,  with  intersections  denoting  the  electrical 
state  of  the  device.  The  DAS  signal  from  the  sec¬ 
ond  QW  level  is  differential  in  shape  at  all  voltages, 
indicating  no  significant  accumulation  of  charge  in 
the  second  QW  level.  This  establishes  the  tunnel¬ 
ing  process  here  as  being  sequential  in  nature,  in 
that  electrons  relax  from  the  second  level  to  the  first 
before  tunneling  out  of  the  structure.  Although  it 
can  be  qualitatively  observed,  we  have  not  been  able 
to  quantify  the  resulting  charge  accumulation  in  the 
first  resonant  state,  because  the  QW  signal  from  this 
state  now  overlaps  with  that  of  the  accumulation 
layer. 

o 


Fig.  5.  DAS  data  for  a  two-resonance  sample. 
Modulation  was  between  zero  and  the  points  indi¬ 
cated  on  the  I-  V  curve. 

6  Conclusions 


We  have  been  able  to  reach  several  conclusions  about 
DBD  transport  from  our  DAS  studies.  We  can  ob¬ 
serve  the  formation  of  depletion  and  accumulation 
regions  as  well  as  the  character  of  the  QW  behav¬ 
ior.  We  can  quantify  Q ,  the  QW  stored  charge, 
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and  through  our  studies  obtain  information  about 
the  energy  distribution  of  tunneling  carriers  that 
presents  direct  evidence  of  both  inter-  and  intra¬ 
subband  scattering.  Studies  of  an  asymmetric  sam¬ 
ple  are  particularly  interesting,  showing  enhanced 
charge  accumulation  in  one  bias  direction,  and  pro¬ 
viding  experimental  demonstration  that  Q/J  is  not 
equal  to  the  coherent  state  lifetime  h/AE.  Finally, 
our  experiments  demonstrate  the  value  of  DAS  as  a 
diagnostic  tool  for  study  of  quantum-well  devices. 
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Abstract 

We  present  the  first  observation  of  the  spatial  dynamics 
of  a  wavepacket  in  a  solid.  Using  an  ultrashort  laser 
pulse,  we  create  an  excitonic  wavepacket  in  one  well  of 
an  asymmetric  double  quantum  well  structure.  The 
oscillation  of  this  wavepacket  from  one  well  to  another 
and  back  is  traced  by  time-resolved  pump-probe 
spectroscopy  as  well  as  time-resolved  degenerate  four- 
wave-mixing.  We  present  results  for  two  GaAs/AIGaAs 
double  quantum  wells  with  oscillation  periods  of  about 
1 ,3ps  and  800fs,  respectively.  The  experimental 
observations  are  compared  with  a  theory  that  shows  that 
the  two  experimental  techniques  give  complementary 
information  about  the  relaxation  dynamics  of  the  coupled 
system.  The  analysis  of  the  experiment  explains  the 
strong  damping  of  the  oscillations  by  the  fast 
thermalization  between  the  delocalized  states. 

Introduction 

Coupled  double  well  systems  are  important  in  many 
different  areas  of  physics.  The  theoretical  aspects  of 
such  systems  in  the  presence  of  dissipation  have  been 
studied  in  detail  and  were  recently  reviewed  by  Leggett 
et  al.  [1  ].  Advances  in  the  fabrication  of  ultrathin  layered 
semiconductor  heterostructures  in  the  last  two  decades 
made  it  possible  to  design  quantum  well  structures  with 
high  crystal  quality  artificially.  The  anticrossing  of  the 
electronic  levels  in  a  semiconductor  double  well 
structure  was  first  observed  by  Dingle  et  al.  [2],  One 
advantage  of  coupled  wells  that  are  realized  in 
semiconductor  heterostructures  is  the  possibility  of 
tuning  the  relative  energy  of  the  various  levels  by 


embedding  the  heterostructures  in  the  intrinsic  region  of 
a  p-i-n-diode.  The  anticrossing  of  the  levels  in  coupled 
well  structures  due  to  application  of  an  electric  field  has 
been  reported  in  several  publications  (see,  for  example, 
[3-5]). 

Another  interesting  feature  of  semiconductor 
heterostructures  is  the  possibility  of  observing  tunneling 
transport  through  the  barrier  layers.  Double  barrier 
structures  (DBS)  [6]  have  shown  promising  properties  as 
microwave  generators  with  operating  frequencies  up  to 
several  hundred  Ghz  [7].  Such  structures  also  have  been 
investigated  with  optical  techniques  [8-11].  Recent 
investigations  with  time-resolved  optical  techniques  have 
been  concentrated  on  asymmetric  double  barrier 
structures  (a-DQW).  The  main  advantage  of  an 
asymmetric  structure  is  the  ability  to  discriminate 
transitions  in  the  two  wells  by  their  spectral  position. 
Resonant  tunneling  of  electrons  [12-14]  and  holes  [15- 
17]  have  been  observed  in  a-DQW’s  in  several 
experiments.  However,  already  the  first  experiments  [12] 
have  shown  that  the  tunneling  times  observed  in  such 
experiments  are  considerably  longer  than  expected  for  a 
coherent  tunneling  process.  It  was  recently  shown  [15] 
that  a  unified  picture  of  tunneling  and  relaxation  can 
qualitatively  explain  the  observation  of  longer  tunneling 
times.  It  turns  out  that  the  tunneling  time  in  the  limit  of 
strong  scattering  and  relaxation  (i.e.,  the  scattering  and 
relaxation  are  faster  than  the  coherent  tunneling  time) 
becomes  inversely  proportional  to  the  relaxation  time. 
Results  of  hole  tunneling  [IS]  were  in  close  agreement 
with  theoretical  expectations.  Additionally,  extrinsic 
effects  like  sample  imperfections  might  play  a  role,  as 
discussed  recently  [14]. 


204 


Picosecond  Electronics  and  Optoelectronics 


205 


Figure  1:  Upper  part:  asymmetric  double  quantum  well 
out  of  (left)  and  in  (right)  resonance.  Bottom: 
Schematical  set-up  of  the  pump-probe  and  four-wave- 
mixing  experiment. 


Figure  1  shows  a  schematic  picture  of  an  asymmetric 
double  quantum  well  structure.  The  wide  well  (WW) 
and  narrow  well  (NW)  consist  in  our  case  of  GaAs,  the 
barrier  between  the  wells  and  the  cladding  layers  of 
AlJGa1_xAs  with  a  larger  bandgap.  The  electronic  levels 
of  the  wide  and  the  narrow  well  are  localized  in  the 
wells  when  no  electric  field  is  applied  (left  side). 
Application  of  a  reversed  bias  (right  side)  causes  a 
resonance  and  a  subsequent  delocalization  of  the 
wavefunctions.  (Note  that  the  hole  levels  are  out  of 


Figure  2:  Upper  part:  coupled  wells  with  symmetric 
(left)  and  antisymmetric  (right)  delocalized  state. 
Bottom:  oscillation  of  a  wavepacket  created  by  a 
superposition  of  the  delocalized  states. 


resonance).  The  upper  part  of  Fig.2  shows  the 
wavefunction  of  the  lower  delocalized  level  (yiymmelric) 
and  of  the  upper  delocalized  level  (V«nu«vmmetric)- 
Resonant  excitation  of,  e.g.,  the  WW  with  a  short  laser 
pulse  (vertical  arrow)  with  a  bandwidth  covering  the  two 
delocalized  levels  will  create  a  wavepacket  in  the  WW 
consisting  of  a  linear  superposition  of  the  two 
wavefunctions  [18,19].  This  wavepacket  will  then 
oscillate  between  the  wells  (as  schematically  shown  in 
the  lower  part  of  Fig.2)  with  a  time  period  Tolc  given  by 


T = 


A£ 


(1) 


where  AE  is  the  splitting  between  the  delocalized  states. 
Such  oscillations  are  a  pure  quantum-mechanical  process 
without  classical  analog  [1].  Half  the  oscillation  time  can 
be  considered  as  the  tunneling  time  of  an  ideal  coherent 
tunneling  process.  The  idealized  picture  as  given  in  Fig.2 
is  modified  in  a  real  system  due  to  collisions  and 
relaxation,  which  will  lead  to  a  damping  of  the 
oscillation.  Wavepacket  oscillations  have  recently  been 
observed  in  atoms  [20],  which  offer  favorable  conditions 
for  coherent  experiments  due  to  the  long  dephasing 
times  involved.  However,  these  systems  are  much  more 
complicated  than  the  simple  double  well  system 
discussed  here,  and  they  are  not  tunable. 

We  report  here  the  first  observation  of  coherent 
wavepacket  oscillations  in  a  solid  [21],  The  oscillations 
are  traced  in  the  time  domain  by  pump-and-probe  (PP) 
as  well  as  degenerate  four-wave  mixing  (DFWM) 
spectroscopy.  The  oscillation  time  constants  agree  with 
the  coherent  tunneling  model  (Eq.l).  By  varying  the 
alignment  of  the  levels,  the  properties  of  the  wavepacket 
and  its  dynamics  can  be  strongly  influenced.  We  develop 
a  theoretical  model  based  on  the  optical  Bloch  equations 
of  a  three-level  system.  The  theoretical  results  are  in 
qualitative  agreement  with  the  experiment  They  show 
that  pump-probe  and  four- wave-mixing  experiments  give 
complementary  information  about  the  relaxation 
dynamics  of  the  system. 

Experimental  Results 

We  present  results  for  two  sample  structures:  Both 
structures  contain  ten  periods  of  an  a-DQW  system  and 
were  grown  by  molecular  beam  epitaxy.  Sample  A 
consists  of  a  170A  GaAs  wide  well,  followed  by  a  17A 
AIq  3 jG3q  55 As  barrier,  and  a  120A  GaAs  narrow  well; 
Sample  B  of  a  150A  GaAs  wide  well,  followed  by  a 
25  A  Alo2OGaog0As  barrier,  and  a  120A  GaAs  narrow 
well  (all  parameters  given  are  nominal  values;  optical 
characterization  indicates  that  the  values  are  precise 
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Energy  (eV) 

Figure  3:  Absorption  spectra  of  sample  A,  taken  in  the 
vicinity  of  the  NW  heavy-hole  transition. 

within  10%).  Figure  3  shows  as  an  example  absorption 
spectra  of  sample  A  in  the  vicinity  of  the  first  heavy- 
hole  (hh)  and  light-hole  Oh)  transition  of  the  NW,  taken 
at  low  density  with  a  cw  laser.  For  low  electric  field 
(+0.8 V),  the  spectrum  shows  the  first  hh  and  lh  exciton 
transitions  of  the  NW.  As  the  field  is  increased,  a  new 
peak  appears  below  the  hh  exciton  peak  (+0.6V).  This 
peak  gains  strength  and  the  original  hh  exciton  peak 


Figure  4:  Absorption  spectra  of  sample  A,  taken  in  the 
vicinity  of  the  WW  heavy-hole  transition.  Note  that  the 
electronic  resonance  is  at  higher  voltage,  compared  to 
the  NW  (F'g-3). 


loses  strength  until  both  have  about  equal  intensity  at 
resonance  (+0.3V).  The  splitting  between  the  peaks  is 
about  3meV.  With  further  increase  in  field,  the  upper 
energy  peak  rapidly  moves  to  higher  energy  and  loses 
strength,  while  the  lower  energy  peak  moves  slowly  and 
acquires  the  strength  of  the  original  hh  exciton  peak. 
The  spectra  reflect  the  eigenstate  probability  distribution 
in  the  wells:  At  electronic  resonance,  both  states  are 
delocalized  and  have  nearly  equal  probability  in  both 
wells;  out  of  resonance,  the  delocalization  gradually 
disappears,  and  only  the  transitions  within  a  well  are 
important  The  observation  of  the  anticrossing  in  both  hh 
and  lh  transition  clearly  shows  that  the  anticrossing  is 
taking  place  between  electron  states,  not  between  hole 
states.  Figure  4  shows  corresponding  spectra  of  the  first 
hh  and  lh  transition  of  the  WW:  The  anticrossing  of  the 
electronic  levels  is  similarly  observed  as  in  the  NW 
transition  shown  in  Fig.3.  Note  that  the  resonance  of  the 
electronic  levels  is  obtained  at  higher  fields  in  the  WW 
transition  than  in  the  NW  transition:  This  effect  is 
caused  by  the  different  binding  energies  of  direct  and 
indirect  excitons  and  has  been  experimentally  observed 
before  [22,23].  It  is  very  pronounced  in  our  case  due  to 
the  similar  width  of  both  wells.  The  observation  of  the 
different  fields  for  the  resonances  is  also  a  reminder  that 
one  has  to  deal  with  excitonic  rather  than  electronic 
wavepackets.  Absorption  spectra  of  sample  B  (not 
shown)  show  similar  anticrossings  with  a  larger  splitting 
of  about  5meV. 

Up  to  now,  most  studies  of  tunneling  in  DQW  have 
used  time-resolved  luminescence  to  trace  the  dynamics 
of  the  carriers.  All  those  experiments  were  performed 
with  excitation  high  up  in  the  bands,  e.g.,  the  carriers 
first  have  to  relax  to  the  bandgap.  In  an  earlier 


Time  Delay  (ps) 


Figure  5:  Pump-probe  signal  for  sample  A,  with 
excitation  of  the  WW.  The  electronic  resonance  is 
at  about  -0.6V. 
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Figure  6:  Pump-probe  signals  for  sample  B.  The 
electronic  resonance  is  at  about  UkV/cm. 

publication  [24],  we  have  already  shown  that 
experimental  techniques  using  resonant  creation  are 
better  suited  to  study  coherent  tunneling  transport.  In  the 
present  study,  we  trace  the  oscillation  of  the  wavepacket 
in  a  pump-probe  (PP)  experiment  as  well  as  in  FWM. 
The  lower  part  of  Fig.l  shows  a  schematic  dreeing  of 
both  experiments:  In  the  case  of  PP,  the  "pump"  pulse 
(direction  kj)  with  a  duration  of  about  5CTfs  creates  the 
wavepacket;  the  sample  transmission  is  probed  with  a 
weak  "probe”  pulse  (kj)  as  a  function  of  delay  time  T. 
Figure  5  shows  the  change  in  transmitted  probe  intensity 
versus  delay  time.  The  excitation  is  chosen  resonantly  to 
the  WW  transition,  thereby  creating  an  excitonic 
wavepacket  in  this  well.  Temperature  (about  5K)  and 
density  (about  5x10®  cm'2)  are  kept  low  to  avoid  fast 
dephasing  of  the  transition  due  to  carrier-phonon  or 
carrier-carrier  scattering.  The  trace  for  a  bias  of  -1.3V 
represents  the  case  of  nonresonant  conduction  electron 
levels:  The  signal  has  a  step-like  onset  due  to  the 
bleaching  of  the  absorption  by  the  carriers  and  decays 
subsequendy.  The  trace  for  electronic  resonance  of  the 
wells  (-0.6V)  clearly  shows  an  oscillatory  modulation, 
with  a  period  of  about  1.3  ps.  The  oscillation  period 
agrees  reasonably  with  that  expected  from  the  measured 
splitting  AE=3meV  in  the  linear  absorption  spectrum  at 
resonance  (Figs.  3  and  4).  In  this  sample,  we  observe 
only  one  pronounced  peak  and  a  weak  second 
oscillation.  If  the  conduction  electron  levels  are  detuned 
(-1V),  the  modulation  becomes  weaker  and  the  period 
shorter,  as  expected  due  to  the  increased  splitting 
between  the  levels  and  an  increased  localization  of  the 
wavefunctions.  The  spatial  oscillation  of  the  wavepacket 


can  also  be  described  as  quantum  beats  of  the 
delocalized  levels.  The  data  shown  here  are  the  first 
observation  of  absorption  quantum  beats  in  a  solid  [21]. 

Figure  6  shows  the  results  of  a  pump-probe 
experiment  in  sample  B  with  larger  splitting 
(AE*«5meV).  At  electric  fields  [25]  close  (10.4kV/cm)  or 
slightly  above  the  resonance  (14.2kV/cm),  the 
transmitted  signal  shows  a  strong  modulation  that 
reflects  the  oscillation  of  the  wavepacket.  The  oscillation 
period  is  about  800fs,  as  expected  from  Eq.  (1)  for  a 
splitting  of  about  5meV.  Further  away  from  the 
resonance  (18.0kV/cm),  the  modulation  becomes  weaker 
and  the  oscillation  period  smaller.  This  shows  very 
clearly  the  increasing  localization  of  the  wavefunctions 
in  the  wells  and  the  increase  of  the  splitting  between  the 
levels.  Pump-probe  experiments  at  the  NW  transition 
also  show  the  oscillations  with  approximately  the  same 
period. 

These  results  are  fully  confirmed  by  time-resolved 
self-diffracted  DFWM  experiments.  Here,  two  incoming 


Figure  7:  DFWM-signals  for  sample  A  with 
excitation  of  the  WW  transition.  The  electronic 
resonance  is  at  about  -0.6V. 

beams  with  the  directions  kt  and  ^  form  an  excitonic 
grating,  and  a  probe  signal  is  diffracted  from  this  grating 
into  the  background-free  direction  k3=2k2-kj  (Fig.l, 
bottom).  Ihis  time-integrated  diffracted  signal  is 
measured  as  a  function  of  the  delay  time  T  between  the 
incoming  pulses  and  gives  information  about  the  exciton 
dynamics.  The  DFWM  signal  versus  the  delay  time  for 
sample  A  is  shown  in  Fig.7  for  various  applied  voltages. 
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If  the  electric  field  is  below  (OV)  or  above  (-1.2V)  the 
field  where  the  electronic  levels  are  in  resonance,  the 
signal  is  exponential  and  reflects  the  free  decay  of  the 
polarization,  i.e.,  the  loss  of  phase  coherence  of  the 
excitons  due  to  scattering  processes  [26].  The  decay 
shows  a  periodic  modulation,  if  the  conduction  electron 
levels  are  tuned  in  resonance  (-0.6V).  The  modulation  of 
the  DFWM  signal  reflects  the  oscillatory  behavior  of  the 
wavepacket,  which  was  photoexcited  in  the  WW.  The 
modulation  period  agrees  with  the  period  observed  in  the 
PP  experiment.  If  we  tune  the  conduction  election  levels 
slightly  out  of  resonance  (-0.4V  and  -0.8V),  the 
modulation  becomes  weaker  due  to  the  increasing 
localization  of  the  eigenstates  in  the  wells. 

Figure  8  shows  the  FWM  results  for  sample  B  with 
larger  splitting.  Around  the  resonance  of  the  levels  (at 
about  llkV/cm),  the  FWM  signal  clearly  shows  an 
oscillatory  modulation,  which  becomes  weaker  further 
away  from  resonance.  The  general  picture  is  similar  to 
sample  A,  however,  the  oscillation  is  again  less  damped 
than  for  sample  A.  Similar  signals  are  observed  when 
we  tune  the  laser  in  the  resonance  of  the  NW.  In  this 
case,  however,  the  oscillation  is  more  strongly  damped. 
This  can  be  explained  by  the  scattering  by  free  carriers, 
which  are  simultaneously  created  in  the  WW  when  the 
excitation  is  resonant  to  the  NW  transition  [25].  For 
higher  temperatures  and  densities,  the  oscillations  also 
become  more  strongly  damped. 


Time  Delay  (ps) 

Figure  8:  DFWM-signals  for  sample  B  and  excitation 
of  the  WW.  The  electronic  resonance  is  at  about 
llkV/cm. 


Theoretical  results 


We  analyze  the  experimental  results  with  a  theoretical 
model  describing  the  coupled  wells  as  a  three-level-like 
system.  The  hole  state  is  defined  as  level  lft>,  the  two 
delocalized  states  are  ll>  and  I2>.  We  define  relaxation 
rates  y,  and  y2.  which  describe  the  dephasing  of  the  two 
upper  levels  to  the  ground  state  (i.e.,  the  decay  of  the 
density  matrix  elements  n^  and  n^,  and  a  relaxation 
rate  y3,  which  describes  the  dephasing  due  to  relaxation 
between  the  two  upper  states  (i.e.,  the  decay  of  n12).  The 
signals  for  the  PP  and  the  FWM  experiments  are 
calculated  using  a  density  matrix  theory  in  a  perturbation 
ansatz.  The  signal  for  pump-probe  Ipp  and  four-wave- 
mixing  Ipy^  signal  are  then  proportional  to  the  third- 
order  polarization  in  direction  kt  and  k3,  respectively. 
For  5-shaped  pulses  and  purely  homogeneous 
broadening,  we  obtain  the  following  relations:  (h=l) 

(2) 

Ipp  -  w, +w2+WjW2[l  +cos(A£7)exp(-Y37)] 


and  for  the  FWM  signal 


lFWM 


wf  +  w2  +  2h>1w2(y1  +y2) 
(Yi+Y2 )2+AE2 


| w*e  2y'T+w2e  2Y2r+2w1w2cos(AET)exp[-(Y1+Y2)2)) 

(3) 

where  w,  and  w2  are  the  spectral  weights  of  the 
transitions.  Note  that  the  phase  relaxation  between  the 
delocalized  levels  Y3  is  responsible  for  the  damping  of 
the  oscillation  in  the  PP  experiment,  in  contrast  to  the 
FWM  experiment,  where  the  relaxation  to  the  ground 
states  Yj  and  y2  leads  to  the  damping.  The  present  theory 
does  not  allow  a  quantitative  analysis  due  to  the 
approximations  of  6-shaped  pulses  and  homogeneous 
broadening.  However,  a  preliminary  analysis  of  the  data 
[21]  shows  that  the  thermalization  time  between  the 
extended  levels  is  short  (about  lps),  which  leads  to  a 
strongly  damped  wavepacket  motion.  This  explains  why 
sample  B  with  a  faster  oscillation  frequency  shows  more 
oscillations.  The  scattering  rate  between  such  delocalized 
levels  has  been  calculated  by  Liu  et  al.  [27],  The  main 
scattering  mechanisms  they  considered  were  scattering 
at  impurities  and  interfaces.  Scattering  times  were  in  the 
ps  range  for  the  a-DQW  structures  they  modeled  in  their 
calculation. 
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Another  interesting  aspect  of  our  experiment  is  that 
coherent  oscillations  in  a  DQW  can  be  considered  as  the 
most  simple  case  of  Bloch  oscillations:  A  recent 
theoretical  study  [28]  of  the  dynamics  of  a  wavepacket 
in  a  Wannier-Stark  ladder  corresponds  for  the  case  of  a 
"superlattice"  consisting  of  two  wells  exactly  to  our 
experiment.  The  Bloch  oscillation  frequency  GJB  is  then 
identical  to  the  coherent  oscillations  frequency  described 
by  Eq.  1. 
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Abstract 

We  show  that  the  carrier  sweep-out  from 
GaAs/AlxGai-xAs  quantum  wells  with  x  <  0.3  is 
thermally  assisted  at  low  fields,  and  dominated 
by  tunneling  at  high  fields. 


Introduction 

The  physics  of  carrier  escape  from  quantum 
wells  in  an  electric  field  is  important  for 
improving  the  quantum  well  electroabsorptive 
devices  such  as  the  Self  Electrooptic  Effect 
Device  (SEED)  [I].  The  carrier  lifetime  is 
important  not  only  because  it  puts  a  lower  limit 
on  the  switching  time  [2],  but  also  because  it 
affects  other  properties  such  as  the  electro¬ 
absorption  and  the  exciton  saturation  intensity 
[3],  This  latter  point  in  fact  proves  to  be  very 
significant  for  SEED  systems,  because  these 
systems  tend  to  run  at  intensity  levels  much 
greater  than  that  required  to  switch  a  single 
device.  (Sufficient  energy  must  be  passed  to  the 
next  device  in  the  system  to  switch  it  after 
allowing  for  the  system  losses.)  At  these  high 
power  levels,  the  exciton  absorption  saturates, 
which  puts  an  upper  limit  on  the  intensity  which 
can  be  used.  We  have  recently  shown  how  the 
saturation  intensity  is  strongly  affected  by  the 
design  of  the  quantum  well  structure,  most  likely 
because  of  the  changes  in  carrier  sweep-out 
times  which  accompanied  the  change  in  design 
[3). 

In  this  paper  we  report  measurements  of  the 
field-  and  temperature -dependent  sweep-out 


times  in  three  carefully  designed  GaAs/ 
AlxGai-xAs  quantum  well  p-i-n  structures.  The 
principal  variable  between  the  samples  is  the 
height  and  thickness  of  the  AlGaAs  barriers:  the 
reference  sample  had  x  =  0.3  and  a  barrier 
thickness  Lb  of  -60  A;  the  second  sample  had 
the  same  x-value,  but  Lb  was  reduced  to  35A, 
and  the  third  sample  had  approximately  the  same 
Lb  as  the  reference,  but  had  x  reduced  to  0.2  . 
Since  the  barrier  height  is  determined  by  the 
x-value,  these  samples  allow  us  to  study  the 
variation  of  the  sweep-out  time  against  the 
barrier  height  at  constant  barrier  thickness,  and 
vice  versa. 

Carrier  Sweep-out  Measurements 

We  measured  the  sweep-out  times  by  the 
technique  of  time-resolved  electroabsorption  [4]. 
In  Fig.  1  we  show  our  results  for  the  three 
samples.  (The  sample  details  are  given  in  the 
figure  caption.)  Measurements  were  performed 
between  10K  and  room  temperature. 

On  comparing  the  results  for  the  three 
samples,  we  note  that: 

•  The  sweep-out  times  tend  to  decrease  as  the 
field  is  increased. 

•  All  three  samples  show  a  minimum  in  the 
escape  time  at  the  voltage  for  resonant  tunneling 
of  electrons.  The  position  of  the  minima  agree 
well  with  the  resonant  voltage  found  from  careful 
spectroscopic  studies  [5], 

•  Escape  times  decrease  on  reducing  x  or  Lb. 

•  Below  the  resonant  voltage  the  escape  time 
decreases  strongly  with  temperature,  but  above 
resonance,  the  sweep-out  time  is  practically 
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(a)  (b)  (c) 


Figure  1.  Measured  sweep-out  times  for  our  GaAs/AlxGai-xAs  p-i-n  quantum  well  structures  against 
reverse  bias  and  temperature.  The  sample  details  are  as  follows:  (a)  65  periods  with  Lw  =  95A,  Lb  = 
65A,  x=  0.20  ;  (b)  80  periods  with  Lw  =  95A,  Lb  =  35A,  x=  0.33  ;  (c)  75  periods  with  Lw  =  65A.  Lb 
=  57A,  x=  0.31.  The  arrows  in  (a)  and  (b)  indicate  the  resonant  tunneling  voltage  determined  from 
photocurrent  spectroscopy. 


independent  of  temperature.  (The  absence  of 
1 00K  data  points  in  Fig.  1  (c)  for  voltages  below 
9V  indicates  a  very  long  lifetime). 

The  results  clearly  show  the  importance  of 
the  barrier  design  in  determining  the  sweep-out 
time. 

Discussion 


Since  the  sweep-out  rate  of  the  electrons  and 
holes  may  differ,  we  have  added  a  subscript  i  in 
Eq.  (2)  to  indicate  the  particle  type.  T  is  the 
temperature,  m-,  is  the  effective  mass  in  the  well, 
and  Lw  is  the  well  width.  Hi(F)  is  the  effective 
barrier  height  for  thermal  emission,  and  may  be 
written  approximately  as: 


The  carrier  lifetime  in  a  quantum  well  in  an  H;(F)  =  Q  AE  -E(n);-  lei  FLw/2  (3) 

electric  field  F  can  be  written  as:  8  ' 


—  =  —  +  —  +  —  (i) 

x  tr  tb  xt 

The  three  terms  refer  to  recombination, 
thermionic  emission  and  tunneling  respectively. 
In  the  conditions  we  are  considering,  the 
recombination  rate  is  usually  negligible  compared 
to  the  thermal  emission  and  tunneling  rates,  and 
thus  we  will  discuss  only  the  second  and  third 
terms  on  the  right  of  Eq.  (1).  If  we  assume  that 
the  thermal  current  in  the  direction  contrary  to 
the  field  is  negligible,  the  thermal  emission  time 
xB  is  given  approximately  by  [6]: 


1 

kBT 

v* 

Hj(F) 

(tE)i 

IjrnijLw2 . 

exp 

L  kBT  J 

where  Qe/Qh  is  the  ratio  of  conduction  to 
valence  band  discontinuities,  (Qe  +  Qh  =  1 ),  AEg 
is  the  difference  in  band  gaps  between  the  well 
and  barrier  material,  and  E<n'i  is  the  confinement 
energy  of  the  nth  subband  relative  to  the  center 
of  the  well.  Usually  we  will  be  restricted  to  the 
case  of  n  =  1  . 

Following  the  analysis  of  Larsson  et  al  [7], 
we  write  the  tunneling  rate  as  the  product  of  an 
attempt  frequency  and  a  tunneling  probability. 
The  time  for  tunneling  through  a  single  potential 
barrier  is  then  given  approximately  by: 


1 

(XT)i 


2Lw2mi 


exp- 


n 


(4) 


where  Lb  is  the  barrier  width,  mbi  is  the  effective 
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Figure  2.  Sweep-out  time  for  sample  (a)  of  Fig.l 
at  3.0V  between  10K  and  300K.  The  inset  is  an 
Arrhenius  plot  of  the  thermal  emission  time 
deduced  from  the  data  by  assuming  a 
temperature  independent  tunneling  time  of 
330ps.  The  fits  to  the  sweep-out  and  thermal 
emission  times  assume  the  same  activation 
energy  of  49meV. 

mass  in  the  barrier,  and  n  is  the  quantization 
number  of  the  sub-level  into  which  the  particles 
are  excited.  H'j(F)  is  the  effective  barrier  height 
for  tunneling,  and  would  be  given  by  a  similar 
expression  to  Eq.  (3),  but  Lw/2  replaced  by  the 
position  of  the  weighted  mean  potential  of  the 
tilted  barrier. 

Our  experimental  results  compare  favorably 
with  the  predictions  of  Eqs.  ( 1  )-(4).  The  changes 
in  t  brought  about  by  varying  F,  x  and  Lb  are 
well  explained  by  the  variation  of  the  thermionic 
emission  and  tunneling  times.  The  fact  that  x  is 
insensitive  to  temperature  at  high  fields  indicates 
that  the  dominant  high  field  escape  mechanism 
is  tunneling.  The  sensitivity  of  t  to  T  at  low 
fields  clearly  points  to  the  importance  of  thermal 
emission. 

To  examine  the  thermal  emission  process  in 
more  detail,  we  show  in  Fig.  2  the  measured 
sweep-out  time  for  the  sample  with  x=0.2  and 
Lb  =  65A  (sample  (a)  from  Fig.  1)  as  a  function 
of  temperature  at  3.0V  reverse  bias.  We  find  two 
different  types  of  behavior.  Up  to  100K,  the 
sweep-out  time  is  independent  of  temperature. 
Above  100K,  the  sweep-out  time  decreases 
strongly  with  temperature  until  it  approaches  the 
experimental  resolution  of  ~10ps.  The  results  can 
be  readily  explained  in  terms  of  Eqs.  (1)  -  (4).  At 
low  temperatures,  the  thermal  emission  process 
is  frozen  out,  and  we  simply  measure  the 
tunneling  time  (~330ps  in  this  case).  As  the 
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Figure  3.  Electron  and  heavy  hole  energy  level 
diagram  corresponding  to  Fig.  2  .  The  shaded 
bands  indicate  the  range  of  possible  energy 
states  which  participate  in  the  thermally- 
activated  escape  mechanism. 

temperature  is  increased,  thermal  emission 
becomes  increasingly  more  important,  and  we 
can  use  Eq.  (1)  to  deduce  xE  .  The  values  of  Te 
deduced  in  this  way  are  plotted  against  T1 
between  140K  and  room  temperature  in  the  inset 
of  Fig.  2  .  This  Arrhenius  plot  allows  us  to 
determine  the  thermal  activation  energy  to  be 
49±15meV.  The  uncertainty  allows  for  the 
estimated  accuracy  of  the  deduced  thermal 
emission  times,  and  also  for  the  relative 

insensitivity  of  the  straight  line  fit  to  small 
changes  in  the  activation  energy.  The  curve 
fitted  to  the  sweep-out  time  in  Fig.  2  was 

obtained  using  a  temperature  independent 
tunneling  time  of  330ps  and  the  49meV 

activation  energy.  We  repeated  this  analysis  at 
3.5V  reverse  bias  and  found  a  tunneling  time  of 
lOOps  and  an  activation  energy  of  47meV. 

We  can  obtain  a  clearer  understanding  of  the 
measured  activation  energies  by  referring  to  Fig. 
3,  which  shows  the  electron  and  hole  energy 
levels  of  the  sample  at  a  field  strength  of 

45kVcnr1.  This  field  strength  corresponds  to 
about  3.0V  reverse  bias  after  allowing  for  the 
built-in  voltage  of  the  diode.  The  energy  levels 
were  calculated  by  the  tunneling  resonance 
technique  [8]  using  a  band  offset  ratio  Qe:Qv  of 
67:33  ,  and  checked  for  consistency  with  the  low 
temperature  absorption  spectra.  The  shaded 
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bands  indicate  the  energies  which  correspond  to 
the  experimentally  determined  limits  of  the 
activation  energy.  This  energy  level  diagram 
suggests  two  possible  escape  mechanisms: 

(a)  Thermal  emission  of  holes  from  the  n  =  1 
heavy  hole  sub-level  over  the  top  of  the  AlGaAs 
confining  barrier. 

(b)  Thermal  activation  of  electrons  to  the 
minimum  energy  at  which  they  only  have  to 
tunnel  through  just  a  single  barrier  in  order  to 
couple  to  the  continuum  states. 

Our  results  do  not  seem  to  be  consistent  with 
pure  thermal  emission  of  electrons  over  the  top 
of  their  confining  barrier,  nor  with  the  proposed 
escape  mechanism  of  thermal  population  of 
higher  sublevels  followed  by  rapid  tunneling  [7], 
There  is  however  a  third  escape  mechanism 
which  is  consistent  with  the  results: 

(c)  Phonon-assisted  tunneling  of  electrons  or 
holes  [9,10], 

Since  the  low  field  escape  time  is  also  very 
sensitive  to  barrier  thickness,  it  seems  likely  that 
the  dominant  mechanism  is  in  fact  a 
thermally-assisted  tunneling  process  such  as  (b) 
or  (c). 

Conclusions 

We  have  demonstrated  the  importance  of 
thermal  emission  of  carriers  as  an  escape 
mechanism  at  low  fields,  and  of  tunneling  at  high 
fields.  The  precise  mechanism  of  the  thermal 
emission  is  still  not  fully  resolved,  and  is  worthy 
of  further  study.  An  improved  understanding  of 
the  sweep-out  physics  should  lead  to  further 
technological  advances  such  as  the  recently 
demonstrated  33ps  SEED  switch  [2], 

Acknowledgments 

We  would  like  to  acknowledge  the  work  of  J.E. 
Henry  and  M.M.  Becker  in  processing  the 
samples. 


t  Present  address:  Clarendon  Laboratory, 
Parks  Road,  Oxford  OX  1  3PU,  UK 

t  Present  address:  AT&T  Bell  Laboratories. 
Solid  State  Technology  Center,  Breinigsville,  PA 
18031 

References 

1.  For  a  recent  review  see  D.A.B.  Miller, 
Optical  and  Quantum  Electronics  22.  S61 
(1990) 

2.  G.D.  Boyd,  A.M.  Fox,  D.A.B.  Miller,  L.M.F. 
Chirovsky,  L.A.D’Asaro,  J.M.  Kuo,  R.F.  Kopf 
and  A.L.Lentine,  Appl.  Phys.  Lett.  52,  1843 
(1990) 

3.  A.M.  Fox,  D.A.B.  Miller,  G.  Livescu,  J.E. 
Cunningham,  J.E.  Henry  and  W.Y.  Jan, 
Appl.  Phys.  Lett.  57,  2315  (1990) 

4.  G.  Livescu,  A.M.  Fox,  D.A.B.  Miller,  T.  Sizer, 
W.H.  Knox,  J.E.  Cunningham,  A.C.  Gossard 
and  J.H.  English,  Semicond.  Sci.  and 
Technol.  5.  549  (1990) 

5.  A.M.  Fox,  D.A.B.  Miller,  G.  Livescu,  J.E. 
Cunningham,  J.E.  Henry  and  W.Y.  Jan, 
Phys.  Rev.  B  42,  1841  (1990)  ;  Quantum-Well 
and  Superlattice  Physics  HI,  G.H.  Dohler,  E.S. 
Koteles  and  J.N.  Schulman,  Eds.,  Proc.  SPIE 
1283,  164  (1990) 

6.  H.  Schneider  and  K.  v.  Klitzing,  Phys.  Rev.  B 
M,  6160(1988) 

7.  A.  Larsson,  P.A.  Andrekson,  S.T.  Eng  and  A. 
Yariv,  IEEE  J.  Quantum  Electron.  OE-24. 
787  (1988) 

8.  D.A.B.  Miller,  D.S.  Chemla,  T.C.  Damen,  A.C. 
Gossard,  W.  Wiegmann,  T.H.  Wood  and  C.A. 
Burrus,  Phys.  Rev.  B  21  ,  1043  (1985); 
D.A.B.  Miller,  J.S.  Weiner  and  D.S.  Chemla, 
IEEE  J.  Quantum  Electron.  OE-22  ,  1816 
(1986) 

9.  D.Y.  Oberli,  J.  Shah,  T.C.  Damen.  J.M.  Kuo, 
J.E.  Henry,  J.  Lary  and  S.M.  Goodnick,  Appl. 
Phys.  Lett.  56.  1239  (1990) 

10. M.G.  Shorthose,  J.F.  Ryan  and  A.  Moseley, 
Solid  State  Electron.  21,  1449  (1989) 


Temperature  Dependence  of  the  Resonant  Tunneling  Process 


I.  Bar-Joseph,  Y.  Gedalyahu,  and  A.  Yacoby 
Department  of  Physics,  Weizmann  Institute  of  Science,  Rehovot,  Israel 

T.  K.  Woodward,  D.  S.  Chemla,  D.  L.  Sivco,  and  A.  Y.  Cho 
AT&T  Bell  Laboratories,  Holmdel,  New  Jersey  07733 


Abstract 

We  use  differential  absorption  spectroscopy  to  investigate  the  temperature  dependence 
of  the  accumulated  charge  in  a  resonant  tunneling  diode.  We  find  that  the  charge  density 
is  approximately  constant  between  10-300K,  and  that  the  electrons  are  thermalized  with 
the  lattice  at  all  temperatures. 


The  nature  of  a  resonant  tunneling  pro¬ 
cess  that  involves  inelastic  scattering  events 
is  of  a  wide  interest  lately [1  —  3].  In  this  pa¬ 
per,  we  investigate  the  influence  of  inelas¬ 
tic  scattering  by  measuring  the  tunneling 
characteristics  at  various  temperatures.  We 
show  that  the  stored  charge  and  the  transit 
time  are  not  sensitive  to  a  large  temperature 
change. 

We  used  a  symmetric  double  barrier 
diode  under  electric  bias  to  study  the  elec¬ 
trons  tunneling  process.  Our  sample  was 
composed  of  two  70A  InAlAs  barriers  and 
a  45A  InGaAs  well  between  them.  The 
zero  bias  Fermi  energy  in  the  emitter  and 
collector  was  55  meV.  A  more  detailed  de¬ 
scription  of  the  sample  is  given  at  ref(4). 
The  experimental  method  we  used  is  differ¬ 


ential  absorption  spectroscopy  (DAS):  We 
modulated  the  charge  density  in  the  well  by 
modulating  the  voltage  applied  to  the  diode. 
This  in  turn  caused  a  modulation  of  the  ab¬ 
sorption  coefficient  a  of  the  well  material. 
The  absorption  coefficient  is  related  to  the 
electrons  density  N,  primarily  due  to  Pauli 
exclusion  principle,  which  inhibits  transi¬ 
tions  into  states  filled  by  electrons.  This 
mechanism,  often  referred  as  phase- space¬ 
filling,  affects  both  the  excitonic  and  the 
continuum  band-to-band  spectra.  At  low 
densities,  ac(hu>)  =  a®(hu;)[l  —  fe ]  where 
cvc  and  a®  are  the  continuum  contribution 
to  the  absorption  coefficients  when  the  QW 
is  filled  (ac)  or  empty  (a®),  and  fe  is  the 
electrons  normalized  distribution  function. 
For  the  excitonic  case  it  is  common  to  de- 
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fine  a  characteristic  saturation  density  Ns, 
such  that  A  a/a  =  N/Ns.  Low  carrier  den¬ 
sities  produce  small  changes  in  the  absorp¬ 
tion  coefficient,  and  then  A T/T  =  —Aal, 
where  T  is  the  transmitted  light  through  the 
sample  and  /  is  the  well  thickness.  Hence, 
by  modulating  the  voltage  on  the  diode  be¬ 
tween  V  =  0  and  V,  and  measuring  AT 
using  a  lock-in  technique,  one  can  calculate 
the  change  in  the  electrons  density  in  the 
quantum  well,  if  Ns  and  a  are  known.  In  our 
measurements  V  is  the  voltage  that  corre¬ 
sponds  to  maximal  current,  and  is  denoted 
Lpeafc- 

Figure  1  shows  4  DAS  measurements 


0.8  0.85  0.9  0.95  1 


Photon  energy  (ev) 

Figure  1.  Differential  absorption  spectra  at 
4  different  temperatures  measured  at  Vp cafc. 


The  largest  positive  peak  is  due  to  bleach¬ 
ing  of  the  heavy-hole  (hh)  exciton,  and  it 
is  accompanied  by  a  small  positive  peak 
(higher  in  energy),  which  is  due  to  bleach¬ 
ing  of  the  light-hole  (lh)  exciton.  The 
lower  energy  features  originate  from  the 
contact  layers,  and  will  not  be  discussed 
here.  [4]  The  absorption  bleaching  at  all 
temperatures  is  concentrated  at  the  bot¬ 
tom  of  the  band,  although  hot  electrons 
are  also  injected  to  the  well  from  the 
emitter,  where  the  Fermi  energy  is  about 
55meV.  This  is  an  evidence  to  electrons 
thermalization  through  phonons  emission. 
At  high  temperatures,  when  the  typical 
time  between  collisions  is  much  smaller 

then  the  transit  time,  phonon  absorption 
becomes  the  dominant  process,  and  a  tail  to¬ 
ward  the  high  energies  appears  in  the  DAS. 

To  analyze  the  measurements,  we  per¬ 
formed  a  careful  fit  of  the  DAS  at  each 
temperature,  to  a  curve  which  is  a  sum 
of  differential  signals  from  the  hh  and  lh 
excitons  and  the  continuum.  The  exci- 
tons  were  assumed  to  have  a  gaussian  line 
shape  and  the  continuum  was  described 
by  a  temperature  broadened  step  function 
multiplied  by  the  Sommerfeld  enhancement. 
We  included  both  the  bleaching  due  to 
phase  space  filling  and  the  small  contribu¬ 
tion  due  to  a  Stark  shift  of  the  QW  en¬ 
ergy  level.  Figure  2  shows  the  relative  in¬ 
tegrated  change  of  the  area  under  the  hh  ex¬ 
citon,  A hh/Ahh,  as  a  function  of  tempera¬ 
ture,  where  A  hh  —  J  Ao^(fiw)rf(fiw)  and 
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Ahh  =  f  “hh( M4M-  Ahh (T)  was  ob¬ 
tained  by  measuring  the  absorption  spec¬ 
tra  of  a  50  QW’s  calibration  sample  with 
identical  well  and  barriers  width.  Measure¬ 
ments  were  done  at  various  temperatures, 
although  Ahh  is  essentially  temperature  in¬ 
dependent. 

As  mentioned  above,  one  has  to  know 
the  saturation  density  Ns  at  each  tem¬ 
perature,  in  order  to  find  the  electrons 
density  N.  We  derived  the  tempera¬ 
ture  dependence  of  N*(T)  and  Ng~^(T), 
the  exciton  saturation  density  in  the  pres¬ 
ence  of  electrons  and  in  the  presence  of 
electron-hole  pairs,  respectively [5].  This  al¬ 
lowed  us  to  determine  iV|(T)  from  opti¬ 
cal  measurements^]  of  Ng~h  at  10K.  The 
solid  line  in  Fig.  2  shows  N/N*  as  a 
function  of  temperature  for  the  calculated 
Ng{T)  and  for  a  constant  N.  It  can 


be  seen  that  the  decrease  in  A is  consis¬ 
tent  with  the  expected  increase  of  the  sat¬ 
uration  density  N%  over  that  temperature 
range.  We  can  thus  conclude  that  the  tem¬ 
perature  dependence  of  A^h  is  due  to  that 
of  Ng  and  that  the  electron  density  in  the 
QW  is  essentially  independent  of  the  tem¬ 
perature.  The  resulting  value  for  the  con¬ 
stant  electrons  density,  which  is  obtained 
by  a  best  fit  procedure,  is  2.5  x  10locm-2. 
An  analysis  similar  to  that  we  performed  at 
ref.  4,  which  is  based  on  the  peak  values  for 
A <*/,/,  and  gives  a  higher  value  for  IV, 
3.8  x  1010cm-2. 

The  current  density  J  was  also  mea¬ 
sured  at  each  temperature,  and  found  to  be 
almost  constant  over  the  entire  temperature 
range:  Jpeak  ~  60 A/cm~2.  Dividing  the  ac¬ 
cumulated  charge  Q  by  the  current  density 
J  we  can  get  the  transit  time  through  the 


Figure  2.  The  relative  change  of  the  heavy  hole  exciton  absorption  area  as  a  function 
of  temperature.  The  solid  line  is  the  calculated  N/Ng(T)  for  N  =  2.5  x  1010  cm— 2. 
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structure  r  =  Qf  J  «  75ps,  in  a  reasonable 
agreement  with  a  transfer  matrix  calcula¬ 
tion.  Since  J  and  r  are  temperature  inde¬ 
pendent,  so  are  the  total  transmission  prob¬ 
ability  and  the  escape  rate  from  the  well. 
This  is  in  agreement  with  the  quantum  me¬ 
chanical  description  of  the  tunneling  process 
given  in  Ref(3). 

We  also  note,  that  the  intrinsic  (elas¬ 
tic)  width  of  the  resonance,  re/,  depends 
only  on  the  decay  rates  through  the  barriers, 
which  are  temperature  independent.  When 
temperature  is  increased,  the  inelastic  width 
r,n  increases.  At  room  temperature,  al¬ 
though  Ttn  re/,  the  process  character¬ 
istics  changes  only  sligbf1v  lue  to  conserva¬ 
tion  of  the  integrate ■'  t*  .  nsmission  probabil¬ 
ity. 

To  summarize,  inelastic  scattering  pro¬ 
cesses  involving  the  tunneling  electrons  were 
shown  to  occur  in  the  well,  such  that  the 
electrons  distribution  is  thermalized  with 
the  lattice  at  all  temperatures.  Neverthe¬ 
less,  the  three  major  physical  quantities 


which  characterize  the  tunneling  process, 
the  current  density,  the  stored  charge  and 
the  transit  time,  are  insensitive  to  a  large 
temperature  change.  We  demonstrated  that 
resonant  tunneling  can  be  observed  even 
when  its  inelastic  width  is  grater  than  the 
elastic  one,  and  that  the  electron  trans¬ 
mission  probability  through  the  structure  is 
modified  by  inelastic  scattering  in  such  a 
way  that  the  integrated  probability  remains 
constant. 
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In  a  double  barrier  resonant  tunnelling  diode,  the  lifetime  of  the  electrons  in  the  well  is  governed  by  the 
coupling  of  the  confined  states  to  the  continuum  of  states  outside  the  barriers.  The  well  states  are  broadened  by 
the  interaction  with  the  continuum  on  each  side  of  the  structure  and  are  thus  metastable,  even  without  any 
relaxation  mechanism  such  as  phonon  emission.  If  an  electron  is  injected  into  the  structure  as  in  the  experiment 
of  Tsuchyia  et  al  [1],  it  will  leak  out  with  a  time  constant  given  only  by  the  barrier  thickness. 

In  a  system  of  coupled  quantum  wells  (CQW)  on  the  contrary,  we  are  dealing  with  eigenstates  of  the 
system.  Even  at  resonance,  when  one  level  of  the  narrow  well  (NW)  is  at  the  energy  of  a  level  of  the  wide  well 
(WW),  finite  lifetimes  are  only  observed  because  of  additional  perturbations  to  the  system.  In  the  absence  of 
such  perturbations,  electrons  would  stay  forever  on  the  coupled  levels  (we  are  dealing  here  with  a  system 
prepared  in  a  "classical  mixture"  i.e.  with  electrons  equally  distributed  in  the  two  wells,  we  refer  the  reader  to 
Leo  et  al.  [2]  for  the  case  where  a  wavepacket  is  created  in  one  of  the  wells).  The  strongest  perturbation,  in  the 
case  where  the  coupled  levels  are  separated  from  the  ground  state  by  more  than  one  optical  phonon,  is  the 
coupling  to  LO  phonons  [3].  If  the  coupled  levels  are  the  ground  states  of  the  system,  the  lifetime  of  electrons 
will  be  mainly  radiative  [2]. 

We  now  consider  the  case  where  resonance  occurs  between  the  first  level  of  the  NW  and  the  second  level 
of  the  WW.  In  the  simple  picture  of  perfect  alignment  of  the  levels  in  the  two  wells,  coupling  by  a  thin  barrier 
gives  rise  to  the  well-known  bonding  and  anti-bonding  states  split  by  an  energy  5  which  is  exponentially 
varying  with  the  barrier  thickness.  The  eigenfunctions  |  >  would  then  read: 

|  <X>±  >  =  1/V2  ( 1 4*In  >  ±  M>2w>)  (D 

where  |  4>ln  >  and  I  $2w  >  316  wavefunctions  of  the  first  and  second  levels  of  the  isolated  NW  and  WW 
respectively.  In  this  very  simple  picture,  where  perfect  resonance  is  achieved  and  where  phonon  emission  is 
treated  as  a  small  perturbation  to  the  system,  the  coupling  to  phonons  leads  to  a  scattering  time  equal  to  exactly 

twice  the  time  in  one  isolated  quantum  well,  independantly  of  the  barrier  thickness.  More  precise  calculations 
only  show  a  change  in  time  for  very  narrow  barrier  when  the  splitting  between  the  coupled  levels  cannot  be 
neglected  and  results  in  a  difference  in  the  q  vector  of  the  emitted  LO  phonon  [4], 

CQWs  have  been  studied  by  time  resolved  luminescence  in  order  to  get  information  on  the  dynamics  of 
the  system  :  the  parameter  of  importance  is  the  time  constant  of  the  NW  luminescence  decay.  Resonance  has 
been  obtained  by  applying  an  electric  field  [5,6].  This  has  the  great  advantage  of  tunability:  it  allows  to  go 
through  the  resonance  with  only  one  sample. 
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We  have  chosen  to  study  the  resonance  by  a 
proper  adjustment  of  the  growth  parameters  [7]  : 
resonance  is  achieved  by  growing  a  series  of 
samples,  only  changing  one  parameter  (in  our  case 
the  width  of  the  WW  or  of  the  tunneling  barrier). 
This  method  necessitates  of  course  the  growth  of 
more  samples,  but  it  has  a  number  of  advantages. 
First  it  allows  to  work  on  several  CQW  periods 
without  any  problem  with  the  field  inhomegeneity. 
Second  our  samples  have  been  p-doped  in  order  to: 

-Increase  the  cooling  rate  of  the  electrons, 
which  interact  with  the  background  holes, 

-Increase  the  luminescence  efficiency 
(proportional  to  the  number  of  holes), 

-Select  electron  effects  as  the  possible 
movement  of  photocreated  holes  has  a  negligible 
effect  on  the  observed  dynamics  in  the  low  density 
regime. 

The  first  two  effects  are  of  great  importance  as 
we  want  to  study  very  short  transients.  Our  samples 
are  grown  in  the  GaAs/AlGaAs  system  by  molecular 
beam  epitaxy.  The  width  and  A1  content  (around  26 
%)  of  the  different  layers  are  carefully  checked  by 
using  x-ray  diffraction  together  with  a  simulation 
program  of  the  different  diffracted  intensities  [4], 
After  measurements  the  samples  are  labelled  as 
Ln/Ljj/Lw,  where  LN  is  the  width  of  the  narrow 
well,  the  tunnel  barrier  thickness,  Lw  the  width 
of  the  large  well. 

We  study  the  dynamics  of  the  different 
luminescence  transitions  with  subpicosecond 

resolution  by  upconversion  of  the  luminescence  signal  [8].  Resolution  of  our  system  is  basically  limited  by  the 
width  of  the  laser  pulses  which  can  be  as  short  as  120  fs.  The  measurements  are  carried  out  with  600  to  800  fs 
pedestal  free  pulses  with  an  energy  of  2.04  eV. 

We  show  on  Fig.  1  the  spectrum  of  one  of  our 
samples,  measured  tobea64/41/142  i.e.  a  sample 
designed  to  be  as  close  as  possible  to  the  resonance 
condition.  The  spectrum  is  plotted  on  a  Log  scale 
wich  explains  the  rather  broad  shape  of  the 
luminescence  peaks.  We  observe  two  different 
transitions,  one  at  1.51  eV  due  to  the  recombination 
in  the  large  well  and  one  at  1.57  eV  corresponding 
to  the  narrow  well.  As  in  all  experiments  of  that 
kind,  we  measure  the  time  decay  of  the  narrow  well 
luminescence.  The  time  behaviour  of  the  narrow 
well  luminescence  intensity  is  reported  on  Fig.2.  It 
shows  a  rather  short  risetime  and  a  decay  time  of  2 
ps.  The  resolution  of  our  system  is  checked  at  the 
same  energy  by  measuring  the  luminescence  of  a 

GaAs  sample  implanted  with  oxygen  and  not  annealed.  In  such  a  case,  the  lifetime  of  the  carriers  is  known  to 
be  very  short  [9|  and  the  luminescence  decay  is  given  by  the  time  resolution  of  the  system.  The  decay  of  this 


Fig.2:  Time  behaviour  of  the  narrow  well  luminescence.  The 
crosses  indicate  the  resolution  of  the  system,  and  the  solid  line 
is  a  fit  (see  text). 


ENERGY  (eV) 

Fig.l:  Luminescence  of  a  64/41/142  CQW  at  two  different 
time  delays  after  the  excitation  pulse  :  2  ps  and  10  ps.  Note  the 
strong  decrease  of  the  narrow  well  luminescence. 
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luminescence  is  shown  by  crosses  on  Fig.2,  it 
demonstrates  :  first  that  we  have  generated  pedestal 
free  pulses,  second  that  the  resolution  of  our 
experiment  in  the  energy  region  where  we  perform 
our  measurements  is  better  than  1  ps.  The 
luminescence  data  of  Fig.2  can  be  fitted  by  using 
three  level  model  and  assuming  exponential  transfer 
between  the  different  states.  It  also  takes  into 
account  the  width  of  the  excitation  pulses  which  is 
responsible  for  the  signal  at  negative  delays.  The 
pulsewidth  is  obtained  as  a  gaussian  of  600  fs  full 
width  half  maximum,  and  the  decay  time  of  the  last 
level  is  2.2  ps. 

Fig.3  evidences  the  resonance  effect  for  a 
series  of  samples  with  the  same  barrier  thickness.  As 
the  width  of  the  wide  well  is  changed  from  120  A  to 
190  A,  the  two  wells  go  through  resonance.  A  clear 
minimum  in  the  decay  time  is  observed  for 
thicknesses  around  150  A.  Also  shown  on  the  Figure 
is  the  expected  decay  time  dependence.  Clearly  the 
resonance  is  roughly  at  the  correct  position,  but  is 
much  broader  and  less  deep  than  expected.  The 
same  is  true  for  the  experiments  of  Oberli  et  al  [5]  as 
well  as  Alexander  et  al.  [6], 

We  show  on  Fig.4  the  results  obtained  on  two 


1000 


100 


10 


o:  ‘OFF*  RESONANCE  / 
60/U/12D  «/ 

♦  :  'ON*  RESONANCE  / 

60/Lk/H0  / 


/  * 

/ 

! 

? 

f  °! 


50  100 

BARRIER  WI0TH  Lb  (A! 


Fig.4:  Decay  time  of  the  NW  luminescence  as  a  function  of  the 
barrier  thickness  for  two  series  of  samples:  (o)  "off  resonance", 
and  (+)  on  resonance".  On  resonance  times  observed  by  Oberli 
et  al  [4]  ( □ )  and  by  Alexander  et  al  [5]  (  A )  are  also  plotted. 
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Fig.3:  Decay  time  of  the  narrow  well,  as  a  function  of  the  wide 
well  width  for  a  series  of  samples  with  40  A  barriers. 


series  of  samples:  one  grown  to  be  "on  resonance", 
and  the  other  to  be  "off  resonance”.  On  this  figure, 
we  have  plotted  the  NW  luminescence  decay  time  as 
a  function  of  L^,  the  thickness  of  the  tunnelling 
barrier.  On  the  same  figure,  we  have  also  reported 
the  results  of  the  studies  by  Oberli  et  al  [5]  and 
Alexander  et  al  [6],  For  these  3  studies  the  samples 
are  in  fact  quite  similar  as  made  out  of 
GaAs/AlGaAs  with  comparable  Al  content  in  the 
barriers.  Note  that  all  "on  resonance"  experimental 
results  follow  the  same  trend. 

The  decay  times  for  the  "on  resonance" 
samples  show  two  well  defined  regions  :  one 
corresponding  to  barrier  thicknesses  larger  than  40 
A  where  the  variation  of  the  decay  time  with  the 
barrier  thickness  is  exponential  (note  that  the  slope 
in  that  case  is  exactly  the  same  as  for  the  "off 
resonance"  samples).  In  the  second  region,  below  40 
A,  the  decay  time  stays  approximately  constant 
(between  1.7  and  2.5  ps,  taking  into  account  the 
uncertainties  in  the  measurement)  for  the  seven 
different  samples  studied  (whose  barrier  thicknesses 
range  from  42  A  to  22  A). 

One  possible  interpretation  of  this  behaviour  is 
the  following.  For  barrier  thicknesses  below  40  A,  it 
is  indeed  possible  to  pow  samples  where  |  4>in  > 
and  1  d>2w  >  are  resonantly  coupled.  By  "resonantly 
coupled"  we  mean  that  the  wavefunctions  of  the 
bonding  and  antibonding  states  |  <t>+  >  and  |  d>_> 
both  extend  over  the  two  wells,  with  approximately 
equal  probabilities.  The  situation  of  resonant 
coupling  is  rather  easy  to  obtain  for  very  narrow 
barriers,  even  if  the  resonance  condition  is  not 
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perfect  On  the  contrary,  when  the  barrier  becomes  large,  the  resonance  condition  is  much  more  stringent  In  a 
simplified  picture,  the  wavefunctions  of  the  two  coupled  levels  would  read: 

l<&+>  =  (l-e/2S)  I  $in  >  +  e/28  |  $2W  >  (2) 

|  <t>_  >  =  e/25 1 4>ln  >  +  (l-e/28)  |  <|>2w  >  (3) 

where  £  is  the  energy  mismatch  between  the  two  levels  and  8  the  strength  of  the  coupling.  It  is  easy  to  see  that 
for  small  coupling,  |  d>+  >  is  localized  in  the  NW  and  |  d>_  >  in  the  WW. 

Since  the  ground  state  of  the  system  is  almost 

entirely  localized  in  the  WW,  relaxation  of  |  d>+  >  to  s _ _ 

the  ground  state  is  governed  by  the  small  lobe  of  the  10  wOF~7 

wavefunction  still  extending  into  the  large  well  /  130A 

[4,7],  Due  to  the  exponential  variation  of  8  with  the  ,  / 

barrier  thickness,  the  relaxation  of  |  d>+  >  to  the  60A/Lk/lw  J  /  , 

ground  state  will  also  vary  exponentially,  as  -  x  A,  - 0 . 26  /  / 

experimentally  observed.  The  same  interpretation  /  / 

exactly  holds  for  the  case  of  purposely  "off  _  f  f 

resonance"  samples:  the  small  part  of  the  “  /  I 

wavefunction  (E/28)|  <t>2w  >  extending  in  the  WW  £  if 

still  governs  the  relaxation  of  the  NW.  „  /  /  /isol 

Thus  the  observed  behaviour  in  the  different  °  /  J  / 

experiments  is  quite  well  reproduced  by  the  very  /  /  / 

simple  calculations  exposed  here.  More  detailed  —  /  /  / 

calculations  using  the  envelope  function  formalism  t  ’  /  /  / 

are  exposed  in  ref.  4  (see  also  [10,11]),  they  lead  to  ~  /  /  / 

the  same  qualitative  tendencies,  the  quantitative  o  I  /  /  /  151I 

agreement  is  also  quite  satisfactory.  The  results  of  ^  /  /  /  / 

such  calculations  air  reported  on  Fig.5.  It  shows  that  10*  /  /  /  / 

an  error  of  1  A  only  is  enough  to  localize  the  <  /  /  /  / 

wavefunctions  if  the  barrier  thickness  is  larger  than  /  /  /  / 

50  A.  The  main  limitation  of  this  description  is  not  /  /  /  /  /  151  7i 

in  the  region  of  narrow  barriers  but  in  the  case  of  /  /  /  /  / 

large  barriers  where  our  way  of  treating  the  coupling  -  /  /  y' 

to  phonons  as  a  small  perturbation  to  the  energy  ^ - 

levels  of  the  system  is  not  adequate  anymore  close  151 .2783 h 

to  the  resonance.  This  is  then  especially  true  for  the 

experiments  of  Oberli  et  al  [4],  and  Alexander  et  al  10'’  ,  ,  ,  ,  ,  , 

[5]  where  it  may  be  though  that  they  come  closer  to  20  (0  60  80  ‘00  120  V 

resonance  than  in  our  adjustment  of  the  growth  BARRIER  WIDTH  :  Lk(A) 

parameters. 


Fig.5:  Calculated  scattering  time  from  the  wavefunction  mainl 
In  order  to  improve  over  these  calculations,  it  localized  in  the  narrow  well  for  different  values  of  the  larg 

is  necessary  to  perform  a  calculation  treating  on  a  well  width,  i.e.  for  different  detunings, 

equal  footing  the  coupling  between  the  two  wells 
and  the  phonon  scattering.  This  can  be  performed  in 

the  framework  proposed  in  [12].  The  result  of  such  a  calculation  will  only  be  briefly  exposed  here.  The  decay 
time  T  of  the  population  in  the  coupled  levels  can  be  written  as: 


T  =  2/T0  +  (l+n3)(4e2+52)/(2r082)  +  8^  +  ron2)/(ro52) 


where  T0  is  the  strength  of  the  phonon  scattering,  and  n  1,2,3  describe  the  initial  carrier  distribution.  In  our 
experiments,  it  is  reasonable  to  assume  that  we  start  with  a  classical  mixture  :  the  initial  distribution  is  equally 
disi  'buted  over  the  two  wells.  Then,  n3=n  j=n2=0  and  the  above  equation  reduces  to: 

T  =  2/F0  +  (4e2+r02)/(2r082)  (5) 

This  equation  describes  the  main  features  of  the  observed  phenomena.  It  seems  similar  to  the  equation 
derived  by  Leo  et  al.  [13]  but  improves  the  description  as  it  allows  to  consider  all  limiting  cases  (strong 
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mismatch,  strong  coupling  and  strong  scattering),  our  description  also  allows  to  describe  the  different  initial 
carrier  distributions  :  classical  mixture  as  well  as  wavepacket  in  one  of  the  wells  (then  n3=l,  n  j=n2=0). 

Let  us  consider  now  a  few  limiting  cases  of  interest,  the  system  being  prepared  in  a  classical  mixture  as  in 
the  experiments  that  we  just  described. 

For  a  strong  mismatch  (e  >  8),  it  gives : 

T  =  2£2/r082  (6) 

Owing  to  S2,  T  varies  exponentially  with  the  barrier  thickness,  which  explains  the  exponential  variation 
of  the  observed  times,  for  both  the  "off  resonance"  samples  and  the  "on  resonance"  ones  with  large  barriers,  in  a 
way  exactly  similar  to  the  simple  description  of  eq.  2  and  3. 

If  on  the  contrary  we  assume  a  negligible  detuning,  then  we  have  two  main  regimes  :  the  first  where  the 
electronic  coupling  5  is  strong  enough  (8  »  ro,  i.e.  narrow  enough  barriers),  then  : 

T  =  2/T0  (7) 

and  we  find  the  same  result  than  in  the  proceeding  description  :  the  decay  time  should  be  twice  the  scattering 
time  in  an  equivalent  isolated  quantum  well. 

If  now  the  coupling  is  small  (compared  to  Tq)  the  time  should  follow  : 

T  =  2/T0+ro/82  (8) 

T  should  show  a  non  monotonic  behaviour  as  a  function  of  ro,  a  conclusion  different  from  that  proposed 
by  Leo  et  ai.  [13].  A  possible  configuration  to  check  this  non  monotonic  behaviour  is  proposed  in  ref.12. 
Numerical  estimates  for  the  case  of  refs.  4  and  5  improve  the  quantitative  agreement,  but  do  not  explain  totally 
the  observed  times.  The  largest  change  would  be  observed  for  the  experiment  of  Alexander  et  al  [5],  where  the 
barrier  is  quite  large  (80  A),  Eq.8  would  predict  a  decay  time  between  5  and  12  ps  at  resonance  (depending  on 
the  precise  value  of  the  scattering  strength)  significantly  longer  than  the  2  ps  calculated  in  the  previous  model, 
but  still  shorter  than  the  experimental  time  of  50  ps.  The  rest  of  the  descrepancy  at  resonance  (50  ps  versus 
lOps)  must  be  due  to  residual  interface  roughness  effects  which  have  been  neglected  up  to  now. 
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Abstract 

The  formation  of  excitons  from  photoexcited  free 
carriers  in  a  GaAs  asymmetric  double  quantum 
well  tunneling  structure  is  shown  to  occur  by  a  bi- 
molecular  process.  Using  the  non-linear  lumine¬ 
scence  cross-correlation  technique,  a  bi-molecular 
formation  coefficient  of  6xl0_,2cm2/ps  is  determi¬ 
ned.  The  electron  and  hole  tunneling  times  are  also 
simultaneously  obtained. 

Introduction 

Asymmetric  double  quantum  well  (ADQW)  struc¬ 
tures  consist  of  a  wide  and  narrow  quantum  well  se¬ 
parated  by  a  thin  barrier  through  which  tunneling 
may  occur.  ADQW’s  (and  very  similar  double  bar¬ 
rier  tunneling  structures)  have  been  studied  using 
time-resolved  photoluminescence  (TRPL)  to  inve¬ 
stigate  non-resonant  electron  tunneling  times  as  a 
function  of  barrier  thickness  and  the  transition  to 
resonant  tunneling  by  means  of  an  electric  field  ap¬ 
plied  perpendicular  to  the  plane  of  the  well.  Re¬ 
sonant  and  non-resonant  hole  tunneling  times  have 
been  measured,  also  using  a  perpendicular  electric 
field  [1].  A  limitation  of  the  TRPL  method  is  that  it 
is  not  possible  to  measure  the  electron  and  hole  tun¬ 
neling  times  simultaneously,  or  to  determine  hole 
tunneling  times  directly  in  the  absence  of  an  elec¬ 
tric  field,  because  in  both  cases  the  TRPL  decay 


time  only  gives  the  tunneling  time  of  the  car¬ 
rier  type  (the  electrons)  which  tunnels  faster. In 
this  work,  the  non-linear  photoluminescence  cross¬ 
correlation  technique  [2]  is  used  to  simultaneously 
measure  the  electron  and  hole  tunneling  times  in 
two  ADQW’s  under  the  same  sample  conditions. 
We  show  that  the  non-linear  signal  originates  from 
competition  between  tunneling  and  bimolecular  ex¬ 
citon  formation  and  can  be  used  to  determine  an 
important  additional  quantity,  the  time  required  to 
form  excitons  from  photo-excited  free  carriers. 

Experimental 

The  samples  under  investigation  were  3  GaAs- 
AlxGai_rAs  ADQW’s  grown  on  a  Si  doped  n+ 
GaAs  (100)  substrate.  The  sample  structures 
consisted  of  a  buffer  layer  (600nm  GaAs,  20nrn 
Alo.35Gao.65 As,  lnm  GaAs,  lOnm  Alo.35Gao.65As, 
five  periods  of  a  2nm  GaAs/3nm  Alo.35Gao.65As 
superlattice),  lOOnm  Alo.35Gao.65As,  a  lOnm  wide 
quantum  well  (QW^),  a  Alo.35Gao.65As  tunneling 
barrier  of  various  thicknesses,  a  5nm  narrow  GaAs 
quantum  well  (QWn),  lOOnm  Alo.35Gao.65As  and  a 
4nm  GaAs  cap.  The  barrier  thicknesses  were  3nm 
in  sample  3,  4nm  in  sample  4,  and  20nm  in  sam¬ 
ple  20.  Sample  20  was  used  as  a  reference  struc¬ 
ture  since  tunneling  is  negligible  for  a  barrier  of 
this  width.  The  experimental  arrangement  for  the 
non-linear  cross-correlation  measurement  is  shown 
schematically  in  Figure  1.  A  hybrid  mode-locked 
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PULSE  TRAIN 


Figure  1.  The  non-linear  PL  cross-correlation  mea¬ 
surement^  ACF  -  autocorrelation  function,  PMT  - 
photomultiplier  tube). 


Pyridine  1  dye  laser  is  used  to  generate  pulses  of 
around  700fs  (FWHM  autocorrelation  function)  at 
715nm.  The  laser  output  is  divided  into  two  beams 
which  are  then  overlapped  on  the  sample  which  is 
maintained  at  8K  in  a  helium  cryostat.  The  photo- 
luminescence  is  dispersed  by  a  l/2m  spectrometer 
and  detected  using  a  cooled  GaAs  photomultiplier. 
Beam  1  is  chopped  at  230Hz  and  beam  2  at  130Hz 
and  the  photoluminescence  signal  is  detected  at  the 
sum  frequency,  360Hz.  The  beams  are  perpendi¬ 
cularly  polarized  by  a  A/2  plate  to  suppress  any 
coherence  artifact  in  the  detected  signal  [2]. 

A  signal  is  only  generated  at  the  sum  frequency 
when  the  PL  emission  is  a  non-linear  function  of 
the  excitation  density.  By  varying  the  delay  bet¬ 
ween  the  two  pulses,  the  decay  of  the  non-linear 
change  in  PL  output  generated  by  the  two  pulses 
may  be  measured. 

Theoretical  Model 


The  origin  of  the  PL  non-linearity  in  these  mea¬ 
surements  is  the  bimolecular  nature  of  the  exciton 
formation  process,  i.e.  the  exciton  formation  rate  is 
proportional  to  the  product  of  the  free  electron  and 
free  hole  densities.  In  an  isolated  single  quantum 
well,  this  bimolecular  formation  process  does  not 
affect  the  quantity  of  excit.onic  PL  finally  emitted 
from  the  sample,  all  carriers  eventually  form  exci- 


tons  which  then  recombine  radiatively,  and  a  linear 
dependence  of  PL  output  on  ncx  is  obtained.  Howe¬ 
ver,  for  free  carriers  photoexcited  in  the  narrow  well 
of  an  ADQW  structure,  strong  competition  exists 
between  exciton  formation  in  the  narrow  well  (and 
thus  excitonic  photoluminescence  from  the  narrow 
well)  and  tunneling  from  the  narrow  well  to  the  wide 
well.  The  generation  of  a  non-linear  change  in  the 
PL  output  as  a  function  of  ncx  can  be  seen  as  fol¬ 
lows.  At  low  n„,  such  that  the  free  electron  and/or 
hole  tunneling  rate  is  much  larger  than  the  exciton 
formation  rate,  the  probability  of  exciton  formation, 
and  consequently  of  excitonic  luminescence,  is  re¬ 
latively  low.  As  ncx  is  increased,  the  exciton  for¬ 
mation  rate  increases  but  the  tunneling  rate  (inde¬ 
pendent  of  nex)  remains  constant.  The  probability 
of  a  photocreated  carrier  contributing  to  excitonic 
luminescence  therefore  is  increased,  giving  a  non¬ 
linear  change  in  the  excitonic  luminescence  from  the 
narrow  well  as  ncx  is  varied. 

The  cross-correlation  signal  can  be  modeled  using 
a  system  of  rate  equations: 


^  =  -Cnp--  +  -  +  G(t)  +  G(t-t)  (1) 

dt  Tc  Th 

=  -Cnp  +  G(t)  +  G(t  -  i)  (2) 

dt  Th  Tr 


dN  N  N  N 

— r-  -  Cnp - - 

dt  Tt  Th  TLT 


(3) 


where  n,  p,  and  N  are  the  density  of  free  electrons, 
free  holes,  and  excitons,  respectively;  rc  and  Th  are 
the  tunneling  times  for  electrons  and  holes;  tlt  is 
the  exciton  radiative  lifetime;  G(t)  and  G(t  —  t)  are 
carrier  generation  terms  given  by  two  Gaussian  pul¬ 
ses  of  appropriate  FWHM;  i  is  the  delay  between 
the  two  pulses.  The  bimolecular  generation  rate 
of  excitons  is  given  by  the  term  Cnp,  where  C  is 
the  bimolecular  exciton  formation  coefficient;  n/rc, 
p/Th  are  the  tunneling  rates  for  free  electrons  and 
holes.  Tunneling  of  an  electron  or  hole  bound  in  an 
exciton  (‘excitonic’  electrons  or  holes)  is  given  by 
the  rates  N/rc  and  N/Th.  We  assume  throughout 
that  there  is  no  difference  between  the  tunneling 
rates  for  excitonic  electrons  and  free  electrons  and 
between  excitonic  holes  and  free  holes.  It  should  be 
noted  that  the  excitonic  tunneling  terms  N/rt  and 
N/rh  not  only  decrease  the  density  of  excitons  but 
also  give  a  positive  contribution  to  the  free  hole  and 
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Figure  2.  The  modeled  non-linear  PL  cross- 
correlation  signal  (arb.  units)  vs.  delay  (ps)  for 
the  two  categories  of  solutions  described  in  the  text 
(LN  denotes  natural  logarithm).  Curve  (a)  Tc  <  TeI. 
Curve  (b)  re  >  rtI.  For  both  curves  re  =  15ps, 
r/,  =  150ps  and  nCI  =  10locm~2  were  used.  In 
(a),  C=3xl0~13cm2/ps  giving  rel=570ps.  In  (b), 
C=3xl0-ucm2/ps  giving  r„=5.7ps. 

free  electron  densities,  respectively.  Finally,  the  ra¬ 
diative  recombination  term,  determines  the 

photoluminescence  intensity  emitted  from  the  sam¬ 
ple. 

Solving  the  (1)(2)(3)  numerically,  n(t,i),  p(t.t). 
and  N(t,  t)  can  be  obtained  and  the  time  integration 
of  N(t,  t)/Tu  gives  the  total  time-integrated  pho¬ 
toluminescence  as  a  function  of  the  delay  between 
the  two  pulses.  The  non-linear  part  of  the  lumine¬ 
scence  is  then  calculated  by  subtracting  twice  the 
luminescence  calculated  for  one  pulse  from  the  total 
luminescence.  Since  the  non-linearity  in  the  photo¬ 
luminescence  output  originates  from  a  bimolecular 
process,  we  assume  that  terms  in  the  excitation  den¬ 
sity  dependence  of  the  PL  intensity  higher  than  n2r 
are  small.  This  assumption  is  supported  by  spec¬ 
trally  and  temporally  integrated  PL  measurements 
described  later.  In  this  case,  the  sum  frequency 
signal  in  the  PL  cross-correlation  measurement  is 
proportional  to  the  calculated  non-linearity. 

Because  exciton  formation  is  a  bimolecular  pro¬ 
cess,  the  growth  of  the  exciton  population  is  non¬ 
exponential  and  has  no  single  characteristic  time. 
However,  we  ran  define  a  density  dependent  forma¬ 


tion  time,  rel,  equal  to  the  1/e  time  for  a  photoex- 
cited  population  of  electrons  and  holes  to  form  exci- 
tons  in  the  absence  of  tunneling.  Setting  all  tunne¬ 
ling  rates  to  zero  in  (1)(2)(3),  this  1  /e  time  is  given 
by  r„  =  (e— 1  )/Cnex.  Assuming  that  rt  <<  r^,  two 
categories  of  solutions  may  be  obtained  depending 
whether  re  <  rcx  or  tc  >  rel,  as  illustrated  in  Figure 
2.  For  tc  <  tcx  (curve  a),  the  modeled  signal  closely 
approximates  to  two  exponential  decays  with  time 
constants  given  by  re  and  T/,.  For  re  >  rex  (curve 
b),  the  fast  decay  becomes  first  faster  than  re  but 
then  exhibits  a  non-exponential  ‘shoulder’.  Finally, 
a  slow  decay  in  the  signal  is  obtained  which  tends 
to  an  exponential  decay  with  a  time  constant  given 
by  Th-  The  initial  fast  decay  followed  by  a  non¬ 
exponential  shoulder  corresponds  to  the  case  where 
the  non-linearity  is  first  strongly  reduced  by  very 
fast  exciton  formation  and  then  recovers  slightly  as 
excitonic  electrons  tunnel  and  free  holes  are  relea¬ 
sed  which  may  contribute  again  to  further  exciton 
formation. 

Note  that  an  exact  solution  to  ( 1  )(2)(3)  exists  for 
excitation  by  a  single  delta-like  pulse  if  the  tunne¬ 
ling  times  are  short  compared  to  the  exciton  for¬ 
mation  time.  For  this  approximation  the  total  lu¬ 
minescence  intensity  is  proportional  to  n\x.  Since 
Tex  increases  with  decreasing  nex,  below  a  certain 
excitation  intensity  which  is  low  enough  to  make 
rex  >>  rc,Th  a  square  law  dependence  of  the  pho¬ 
toluminescence  on  ncx  is  expected. 

The  value  of  the  radiative  lifetime  has  negligible 
influence  on  the  temporal  decay  of  the  non-linearity 
as  long  as  the  radiative  lifetime  is  much  longer  than 
the  fastest  tunneling  time.  The  value  of  tlt  in  the 
narrow  well  is  taken  to  be  the  same  as  the  TRPL 
decay  time  of  the  narrow  well  of  sample  20  (230ps) 
so  this  condition  is  easily  satisfied  in  the  samples 
studied  here. 

Finally,  it  should  be  noted  that  only  excitons  with 
centre  of  mass  momentum,  K,  near  K=0  may  re¬ 
combine  radiativeiy  [3).  The  increase  of  the  num¬ 
ber  of  excitons  near  K=0  due  to  hot  exciton  coo¬ 
ling  to  the  lattice  temperature  causes  a  finite  rise¬ 
time  of  the  excitonic  PL  as  measured  in  conventio¬ 
nal  TRPL  measurements  performed  below'  60K  [4]. 
We  emphasise  that  because  the  time-integrated  PL 
is  measured  in  our  experiments,  hot  exciton  cooling 
has  no  influence  on  the  measured  non-linear  PL  si¬ 
gnal  as  a  function  of  delay,  but  only  introduces  a 
constant  amplitude  pre-factor.  This  is  a  particular 
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advantage  of  this  technique  compared  to  conven¬ 
tional  TRPL,  where  the  strong  influence  of  exciton 
cooling  on  the  PL  risetime  makes  accurate  measu¬ 
rement  of  exciton  formation  rather  difficult. 

Results 


Figure  3  shows  the  spectrally  and  temporally  inte¬ 
grated  exciton  PL  (arbitrary  units)  as  a  function  of 
riex  for  QW„  and  QW^  of  sample  4  and  QWn  of 
sample  20.  Photoluminescence  excitation  spectros¬ 
copy  measurements  verified  that  the  luminescence 
originated  from  the  heavy-hole  exciton  line. 

For  QW„  of  sample  4,  where  the  tunneling  out  of 
the  well  is  efficient,  the  expected  strong  non-linear 
variation  of  the  integrated  luminescence  signal  is 
observed.  The  gradient  of  2  on  the  log-log  scale  in¬ 
dicates  a  square  law  dependence  at  low  excitation  as 
predicted  for  the  model  when  re  <  t^.  By  contrast, 
the  PL  from  QW„  of  sample  4  and  QWn  of  sample 
20,  where  tunneling  out  of  the  well  is  absent,  ex¬ 
hibits  no  measurable-non-linearity  over  almost  four 
orders  of  magnitude  variation  in  the  excitation  den¬ 
sity.  This  is  consistent  with  the  bimolecular  exciton 
formation  model  since  competition  with  tunneling 
is  required  for  the  non-linear  dependence  of  the  PL 
on  nel  to  be  revealed.  Figure  4  shows  non-linear  PL 
curves  from  sample  4  (4nm  barrier)  at  two  different 
excitation  densities,  the  best  fit  to  the  data  using 
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Figure  3. Integrated  PL  (arb.  units)  vs.  ner  at  8K 
for:  QWn  of  sample  4  (circles),  QW^  of  sample  4 
(dots)  and  QWn  of  sample  20  (crosses). 


Figure  4.  PL  cross-correlation  signal  vs.  delay  for 
QWn  of  Sample  4  at  (a)  ner=2xl010cm-2  and  (b) 
neI=5. 8x10s cm-2.  Also  shown  is  the  theoretical  fit. 

the  model  described  above,  and  the  fit  parameters 
used.  The  same  values  of  C  (6x1 0~,2ero2/p.s)  and  tc 
(22ps)  are  used  in  both  cases  but  a  smaller  hole  time 
is  required  in  the  higher  density  case.  However,  the 
difference  between  the  hole  times  only  slightly  ex¬ 
ceeds  the  maximum  error  in  the  fitting  procedure. 

The  higher  excitation  curve  (Fig.  4a)  shows  the 
non-exponential  shoulder  region  predicted  by  the 
model  for  the  re  >  rex  case  (see  Fig.  2).  The  value 
of  C  is  determined  most  accurately  in  this  regime 
because  the  fast  decay  is  then  given  mainly  by  the 
exciton  formation  process. 

Figure  5  shows  the  results  of  the  higher  excitation 
measurement  on  sample  3.  The  initial  rapid  decay 
in  the  full  delay  range  measurement  (Fig.  5a)  is 
time  resolution  limited  by  the  large  electronic  time 
constant  required  on  this  extremely  weak  lumine¬ 
scence  line.  Fig.  5b  shows  a  repeated  measurement 
over  a  shorter  delay  range  which  is  not  resolution 
limited.  The  fit  is  the  same  as  in  Fig.  5a,  showing 
good  agreement  using  these  fit  parameters.  Shorter 
tunneling  times  (rc  =  7 ps  and  r>,  =  66ps)  are  obtai¬ 
ned,  as  expected  for  a  thinner  barrier,  but  the  same 
C  value  as  for  sample  4  has  been  used.  The  non¬ 
exponential  shoulder  near  60ps  observed  for  sample 
4  is  now  absent  because  rc  is  now  less  than  tci.  A  si¬ 
milar  ratio  of  the  electron  and  hole  tunneling  times 
is  obtained  for  samples  3  and  4. 

The  good  agreement  between  experiment  and 
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model  as  a  function  of  barrier  thickness  and  nex 
confirms  that  the  non-linear  PL  originates  from  the 
competition  between  exciton  formation  and  tunne¬ 
ling,  and  demonstrates  the  bimolecular  nature  of 
exciton  formation.  It  should  be  stressed  that  alt¬ 
hough  the  quantitative  values  are  obtained  from  a 
three  parameter  fit,  the  accuracy  of  the  values  re¬ 
mains  quite  high  since  r*  is  relatively  independent 
of  the  other  parameters,  and  C  and  re  may  be  di¬ 
stinguished  by  varying  n„. 


Figure  5.  PL  cross-correlation  signal  vs.  delay 
for  QW„  of  sample  3  at  nei=1.75xl0locm~2.  Also 
shown  is  the  theoretical  fit  to  the  data. 

Discussion 

We  have  obtained  a  value  for  the  bimolecular 
exciton  formation  coefficient,  C,  in  the  range 
n,.x=6xl09 crrC 2  to  2xl010cm~2  for  excitation  at 
715nm.  The  exciton  formation  time,  rel,  is 
(14.4±2.0)ps  at  2xl0,ocTn-2.  This  value  of  C  is 
strictly  only  determined  in  the  time  between  photo¬ 
excitation  and  electron  tunneling,  raising  the  que¬ 
stion  whether,  in  the  absence  of  tunneling,  the  value 
of  C  would  change  at  later  times.  For  example,  as 
the  carriers  cool  the  probability  of  exciton  forma¬ 
tion  could  be  altered.  Note  however  that  an  expo¬ 
nential  decay  of  the  non-linearity  due  to  free  hole 
tunneling  is  observed  in  both  sample  3  and  4  as  pre¬ 
dicted  by  a  model  that  assumes  C  is  constant  and 
independent  of  carrier  temperature.  This  suggests 


that  at  least  the  cooling  of  free  holes  (which  remain 
from  the  first  pulse)  on  a  50ps  to  250ps  timescale 
does  not  strongly  affect  the  probability  of  exciton 
formation. 

Next,  we  comment  on  another  possible  mecha¬ 
nism  for  exciton  formation:  that  exciton  formation 
could  occur  mainly  geminately,  i.e.  between  elec¬ 
trons  and  holes  created  by  the  same  excitation  pho¬ 
ton.  We  might  expect  this  possibility  if  the  Cou¬ 
lomb  correlation  in  the  band  between  the  photo- 
created  free  electron- hole  pair  dominates  over  any 
scattering  processes  which  allow  the  electron  and 
hole  to  move  apart.  In  the  limit  of  only  geminate 
exciton  formation,  no  non-linear  signal  would  be 
generated  in  our  samples  because  geminate  forma¬ 
tion  is  effectively  a  monomolecular  process  with  a 
single  characteristic  time  which  is  independent  of 
excitation  density.  We  therefore  discount  this  pos¬ 
sibility.  We  can  also  exclude  the  possibility  of  a 
small  geminate  contribution  to  the  exciton  forma¬ 
tion  rate  because  the  square  law  variation  obtai¬ 
ned  in  Figure  3  is  in  agreement  with  that  predicted 
for  pure  bimolecular  exciton  formation  in  a  tunne¬ 
ling  sample  (geminate  formation  would  generate  a 
linear  dependence).  Such  a  geminate  contribution 
should  also  become  more  significant  as  the  excita¬ 
tion  density  is  lowered  since  the  bimolecular  rate 
becomes  weaker,  but  no  deviation  from  a  gradient 
of  two  is  observed  over  the  entire  range.  We  theie- 
fore  conclude  that  in  our  experiment,  for  excitation 
densities  above  10s cm~2,  excitons  are  formed  pu¬ 
rely  non-geminately.  This  is  perhaps  not  surprising 
since  the  carriers  in  this  experiment  are  photoexci- 
ted  with  large  excess  energy.  Several  LO-phonons 
are  immediately  emitted  and  separation  of  the  ge¬ 
minate  pair  is  likely  to  be  a  very  efficient  process. 
Similar  arguments  can  also  be  used  to  justify  the  ex¬ 
tension  of  our  conclusions  to  samples  without  tun¬ 
neling.  Geminate  formation  should  in  principle  be 
more  favoured  at /early  times  before  scattering  al¬ 
lows  the  geminate  pair  to  move  apart.  Therefore 
the  observation  of  a  bimolecular  mechanism  at  early 
times  (20ps  or  less)  strongly  suggests  that  the  same 
mechanism  also  applies  at  later  times  in  isolated 
quantum  wells,  at  least  where  the  excess  photon 
energy  is  sufficient  to  allow  LO  phonon  emission. 

Finally,  we  consider  briefly  the  relative  magni¬ 
tude  of  the  electron  and  hole  tunneling  times.  The 
values  of  re  and  rh  differ  by  factors  of  7.3  and  9.7 
in  samples  4  and  3,  respectively.  Such  factors  are 
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in  clear  disagreement  with  the  factor  of  the  order  of 
3000  predicted  from  the  simple  semi-classical  mo¬ 
del  for  electron  and  heavy-hole  tunneling,  and  has 
also  been  observed  elsewhere  [lj.  It  should  be  noted 
that  these  experiments  are  performed  at  low  exci¬ 
tation  so  that  the  small  hole  tunneling  time  is  not 
due  to  the  motion  of  the  electron  and  hole  popu¬ 
lations  being  coupled  by  space  charge  induced  field 
effects  [5].  The  explanation  may  be  a  reduction  in 
the  hole  tunneling  times  due  to  valence  band  mixing 
effects  [6],  or  may  be  more  fundamental  to  the  non¬ 
resonant  tunneling  process,  the  details  of  which,  in 
particular  the  role  of  momentum  conservation  in  the 
inter-well  transfer  process,  are  not  yet  well  under¬ 
stood. 

Conclusion 

We  have  shown  that  the  PL  output  of  the  narrow 
well  of  ADQW  structures  varies  non-linearly  with 
excitation  density  due  to  the  competition  between 
tunneling  and  bimolecularexciton  formation.  Using 
PL  cross-correlation  measurements  we  determine  a 
value  of  6x10 ~l2cm2/ps  for  the  bimolecular  exciton 
formation  coefficient.  Values  for  the  non-resonant 
electron  and  hole  tunneling  times  are  also  obtained 
simultaneously  under  the  same  sample  conditions. 
The  hole  tunneling  times  are  much  shorter  than  pre¬ 
dicted  by  the  simple  semi-classical  tunneling  theory. 
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Abstract 

A  formalism  is  presented  to  study  quantum  trans¬ 
port  properties  of  electrons  in  semiconductor  het¬ 
erostructures.  The  time  evolution  of  multiband 
electronic  states  is  determined  by  numerically  solv¬ 
ing  the  time  dependent  Schroedinger  equationin  the 
tight-binding  representation.  We  have  studied  the 
transport  of  an  electron  wavepacket  injected  from 
AUGa^xAs  across  T  —  T  and  r  —  X  discontinuities 
into  GaAs.  The  gross  transport  properties  of  the 
transmitted  wavepacket  are  altered  within  a  time 
scale  of  the  order  of  100  fs.  We  have  also  studied 
tunneling  through  direct  and  indirect  AlxGai_xAs 
barriers,  and  find  it  reasonable  to  use  WKB-type  ex¬ 
pressions  to  describe  tunneling  through  direct  bar¬ 
riers.  But  the  problem  is  more  complicated  for  in¬ 
direct  barriers,  where  the  character  of  the  bandedge 
states  in  the  barrier  is  drastically  different  from  that 
in  the  well,  and  there  is  a  strong  suppression  of  tun¬ 
neling. 


I  Introduction 


tronic  states  in  the  tunneling  process.  For  exam¬ 
ple,  in  direct  bandgap  structures  made  from  GaAs, 
AlxGai_xAs  with  x  <  0.3,  tunneling  is  adequately 
described  by  simplistic  formalisms  such  as  the  WKB 
method  based  on  single  band  effective  mass  theory. 
The  conduction  band  minimum  is  at  the  T  point  in 
both  well  and  barrier  materials,  where  the  cell  peri¬ 
odic  part  of  the  electron  wavefunction  is  primarily 
s-type.  But  this  is  not  true  for  indirect  barriers 
(AlxGai_xAs  with  x  >  0.4),  since  electrons  in  the 
r  minimum  of  the  well  region  are  primarily  s-type, 
while  the  barrier  states  have  strong  s-p  character. 
Tunneling  prefactors  have  been  observed  to  drop  by 
orders  of  magnitude  when  the  barrier  changes  from 
direct  to  indirect  [1]. 

Tunneling  properties  are  often  deduced  from 
the  asymptotic  behaviour  of  stationary  scattering 
states,  by  examining  the  transmitted  and  reflected 
components  of  an  incident  plane  wave.  For  instance, 
in  the  scalar  case,  we  would  seek  solutions  to  the 
time  independent  Schroedinger  equation  with  the 
asymptotic  boundary  conditions: 


rp(x) 


eikx  +  Re-!kx,  x->  -oo 
Te~'kx,  x  — >  -foo 


la  Tunneling 

Tunneling  of  electrons  and  holes  through  barriers 
has  been  an  area  of  intense  research  for  decades,  and 
there  is  renewed  interest  in  the  subject  due  to  re¬ 
cent  advances  in  heterostructure  technology.  A  par¬ 
ticular  feature  of  tunneling  which  has  drawn  much 
attention  recently  is  the  role  of  the  symmetry  of  the 
basis  states  underlying  the  representation  of  elec- 


This  method  can  be  extended  to  multiband  wave- 
functions  [2,  3,  4).  Analytic  solutions,  however,  can 
be  obtained  only  for  heterostructures  with  simple 
potential  profiles.  For  arbitrary  potential  profiles, 
or  even  with  simple  profiles  under  an  applied  elec¬ 
tric  field,  one  has  to  resort  to  numerical  means  of 
solving  for  the  stationary  solutions.  This  difficulty  is 
circumvented  to  some  extent  by  the  WKB  approxi¬ 
mation.  But  this  approach  is  valid  only  for  smoothly 
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varying  potentials,  and  introduces  significant  error 
when  applied  to  heterostructures  of  narrow  dimen¬ 
sions.  Moreover,  there  is  no  straightforward  way  of 
extending  the  WI<B  expressions  to  multiband  wave- 
functions. 

An  alternative  dynamic  formulation  of  the  tun¬ 
neling  problem  that  we  have  chosen  for  our  work 
involves  direct  time  domain  study  of  the  time  evo¬ 
lution  of  localized  wavepackets,  an  approach  that 
is  more  suitable  for  studying  tunneling  and  trans¬ 
port  in  localized  heterostructure  potentials  in  the 
presence  of  applied  electric  fields.  To  study  the  dy¬ 
namic  problem  of  the  time  evolution  of  a  wavepacket 
4>(x,  0)  in  a  time  independent  potential,  we  can  con¬ 
sider  the  formal  solution  in  terms  of  the  stationary 
states  of  the  system  [5]: 

t p{x,t)  =  exp(-iHtfh)  tp(x,0) 

=  j  dka{k)e~iE^t/h  uk{x) 

where 

a(k)  =  (uk(x),tl>(x,  0)) 

However,  we  again  face  the  problem  of  having  to 
solve  for  a  large  number  of  stationary  states  first, 
and  subsequently  evaluate  the  integrals  involved  in 
the  above  expression,  For  arbitrary  potentials,  this 
is  a  cumbersome  procedure.  A  different  method, 
which  has  been  applied  to  the  scalar  Schroedinger 
equation  [6],  is  to  expand  the  time  evolution  opera¬ 
tor  exp(  —  illt/h)  as  a  power  series  in  t,  and  to  trun¬ 
cate  the  series  by  proceeding  in  infinitesimal  time 
steps.  In  this  work  we  have  extended  this  method 
to  study  the  time  evolution  of  multiband  wavepack¬ 
ets  in  heterostructures. 

Ib  Quantum  Transport 

Theoretical  techniques  to  study  time  dependent 
electron  transport  in  heterostructures  use  several 
approximations.  In  Monte  Carlo  methods  the  elec¬ 
tron  is  described  as  a  point  particle  whose  trans¬ 
port  properties  (such  as  effective  mass,  scattering 
rates,  etc.)  change  abruptly  when  it  moves  across 
a  heterointerface.  As  the  electron  moves  across  a 
boundary,  the  role  of  central  cell  symmetries  (i.e., 
T,  A',  L  character)  is  suppressed.  This  description 
is  valid  in  heterostructures  where  electrons  travel  fa 
1000  A  in  each  region  and  where  the  character  of 
the  band  extrema  is  unaltered  across  different  re¬ 
gions.  In  quantum  transport  models  based  on  ef¬ 
fective  mass  theory  the  electron  wavepacket  is  as¬ 
sumed  to  abruptly  see  different  material  properties 


across  a  discontinuity.  Usually  a  one  band  effec¬ 
tive  mass  equation  employed,  with  the  implicitly  as¬ 
sumption  that  the  character  of  the  Bloch  function 
is  not  significantly  altered  across  different  regions. 
This  description  is  satisfactory  in  heterostructures 
of  fa  100  A  dimension  where  effects  of  quantum  con¬ 
finement  are  important,  but  where  the  character  of 
the  band  extrema  are  again  unaltered.  Such  approx¬ 
imations  do  not  hold  in  a  number  of  ultrasmall  elec¬ 
tronic  devices  such  as  hot  electron  transistors  and 
tunneling  transistors,  and  cannot  describe  transport 
from  direct  to  indirect  materials  across  a  heteroin¬ 
terface.  To  address  quantum  transport  problems 
in  such  structures  we  have  employed  the  numerical 
solution  of  the  time  dependent  Schroedinger  equa¬ 
tion  in  the  tight-binding  representation  to  study  the 
transport  of  an  electron  wavepacket  launched  from 
AlxGai_rAs  into  GaAs. 

II  Representation  of  Elec¬ 
tronic  States 

The  envelope  function  approximation  based  on  the 
multiband  effective  mass  theory  of  Luttinger  and 
Kohn  [7]  has  been  applied  extensively  to  study  static 
and  dynamic  properties  of  charge  carriers  in  hetero¬ 
junctions  and  superlattices.  In  this  description,  the 
electronic  state  is  described  by  ’’envelope  functions” 
obeying  Schroedinger-like  equations  which  explicitly 
contain  only  the  external  perturbing  potentials  and 
not  the  underlying  lattice  potential.  But  this  for¬ 
malism  is  useful  only  if  the  materials  comprising 
the  heterostructure  are  chemically  similar.  To  de¬ 
rive  feasible  boundary  conditions  for  the  envelope 
functions  at  an  interface  between  two  materials,  the 
assumption  is  made  that  the  zone  center  Bloch  func¬ 
tions  do  not  vary  appreciably  between  them  [8,  9]. 
This  assumption  will  breakdown,  for  example,  if  the 
band  extrema  in  the  different  materials  lie  at  dif¬ 
ferent  points  in  the  Brillouin  zone.  This  situation 
arises  in  the  GaAs/AlxGai-xAs  heterosystem  with 
an  indirect  AlGaAs  barrier  (X  point  minimum). 

In  this  work,  we  choose  to  describe  elec¬ 
tron  states  in  the  conduction  band  in  the  tight- 
binding  representation.  The  empirical  tight-binding 
method  [10]  has  proved  useful  in  studying  the  elec¬ 
tronic  properties  of  solids  and  has  been  applied  to 
study  the  real  and  complex  band  structure  of  bulk 
materials,  energy  levels  in  superlattices,  and  elec¬ 
tronic  states  and  transport  properties  at  interfaces. 
These  properties  are  derived  implicitly  through  ma¬ 
trix  elements  dependent  on  the  tight-binding  pa- 
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ramcters  of  materials  comprising  the  heterostruc¬ 
ture.  Choosing  the  latter  to  yield  the  correct  band 
gaps  and  band  curvatures  at  points  of  high  sym¬ 
metry  in  the  bulk  bandstructures  of  these  materi¬ 
als  ensures  an  accurate  description  of  the  electronic 
state  in  the  heterostructure.  This  implicit  treatment 
is  particularly  well  suited  to  study  electronic  prop¬ 
erties  in  the  GaAs/Al^Gai-xAs  system,  since  the 
tight-binding  parameters  of  AlrGa1_xAs  for  vary¬ 
ing  A1  content  may  be  obtained  from  those  of  GaAs 
and  AlAs  using  the  virtual  crystal  approximation, 
and  experimentally  measured  band  discontinuities 
built  in  by  a  right  choice  of  the  self-energy  parame¬ 
ters.  Moreover,  since  the  complete  bandstructure  is 
contained  in  the  tight-binding  description,  one  need 
not  be  concerned  specifically  with  the  appearence 
of  multiple  band  extrema  or  explicit  boundary  con¬ 
ditions  for  the  components  of  the  electronic  wave- 
function. 

The  bulk  tight-binding  state  may  be  expressed 
in  the  familiar  form: 

0»(k,r)  =  ££cn.,(k)e’k-<R'+r*'> 

*-  i 

x  £„(r  —  [R|  +  r„])  (1) 

where: 

^’n(k,r)  is  the  n‘h  eigenstate  of  crystal  at 
wavevector  k 

l  indexes  Bravais  lattice  sites  of  the 

crystal 

v  runs  over  the  different  orbitals  in 

the  LCAO  basis,  (indexing  mul¬ 
tiple  ions  as  well  as  multiple  or¬ 
bitals  of  the  same  ion  in  the  prim¬ 
itive  cell) 

r„  is  the  relative  position  of  center  of 

orbital  w  within  the  primitive  cell 

(„(r  —  r„)  are  atomic-like  orbitals 

Cn,i/(k)  are  the  bulk  expansion  coeffi¬ 
cients. 

We  have  employed  an  8-band,  sp3  basis  set  (4  cation 
and  4  anion  orbitals)  for  the  GaAs/AlxGai_rAs  sys¬ 
tem,  retaining  up  to  second  nearest  neighbour  inter¬ 
actions,  although  our  approach  can  be  extended  to 
any  multiband  Hamiltonian. 

Since  we  are  interested  in  studying  dynamical 
effects  in  heterostructures,  we  generalise  the  bulk 
tight-binding  representation  to  construct  time  de¬ 
pendent  states: 

</’(M)  =  ££  c„(Ri  +  r„,  i)  Ur-tRi  +  r,])  (2) 

V  I 


We  thus  define  a  separate  envelope  function  c„  for 
each  distinct  orbital  in  LCAO  basis  [11].  The  atomic 
orbitals  constituting  our  basis  may  be  assumed  to 
satisfy  the  orthonormality  condition: 

f  dr  £(r  -  [R;  +  r„])  £„.(r  -  [R(<  +  r„.]) 

=  6i,i'  (3) 

With  the  aid  of  this  condition  the  probability  of 
finding  an  electron  within  a  region  much  larger  than 
the  dimension  of  the  primitive  cell  is  taken  to  be 

PM) -EE  |c„(R/  +  r„<)|2  (4) 

*-  / 

where  the  summation  is  over  those  lattice  sites  con¬ 
tained  in  the  said  region. 

The  in-plane  periodicity  of  the  heterostructure 
ensures  that  coherent  tunneling  conserves  the  in¬ 
plane  wavevector,  and  we  need  only  construct  states 
which  are  eigenstates  of  the  in-plane  translation  op¬ 
erators: 

4>{r,  t)  =  EE 0  E  e,k|l'Rn6(r -  [R„  +  rm]) 

mo  n 

(5) 

where: 

m  is  an  index  over  lattice  planes,  rm 
being  an  arbitrarily  chosen  origin 
in  each  plane 

n  is  an  index  over  in-plane  lattice 
translations  Rn 

All  the  ions  in  a  given  lattice  plane  are  identi¬ 
cal,  and  v  identifies  the  different  orbitals  associated 
with  these  ions,  as  before.  We  are  thus  left  with 
one-dimensional  envelope  functions  c1/(m,  t),  one  for 
each  distinct  orbital  in  the  basis. 

In  order  to  model  the  escape  of  electrons  from 
a  quantum  well  through  a  barrier  of  finite  width, 
the  initial  electron  wavepacket  is  constructed  as  a 
bound  state  in  the  well.  Using  the  form  (5)  for  4’, 
we  solve  the  Schroedinger  equation: 

/^(r,0)  =  £tf’(r,0)  (6) 

This  may  be  readily  converted  to  a  matrix  equation 
by  taking  the  scalar  product  of  either  side  succes¬ 
sively  with  distinct  orbitals  on  each  plane.  For  the 
right  hand  side  we  obtain: 

f  dr  £*(r  -  [R*  +  rp])  V'(r,0) 

=  c(1(;>.0)  r’k«R‘ 


(7) 
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where  R*  is  an  in-plane  lattice  translation  in  plane 
p.  On  the  left  hand  side  we  have: 

J  drC(r-[Rk  +  rp))H4>(r,0)  = 

££c„(m,0)  £e,k«R"x 

mu  n 

/  dr£*(r  -  [R*  +  rpj)/f£„(r  -  [R„  +  rm])(8) 

The  summation  on  the  right  is  over  those  neigh¬ 
bouring  orbitals  with  which  the  orbital  centered  at 
[R*  +  rp]  has  nonzero  matrix  elements.  The  latter 
are,  in  fact,  exactly  the  known  tight-binding  param¬ 
eters  of  the  bulk  material.  For  parameters  describ¬ 
ing  interactions  at  an  interface,  we  have  used  the 
average  value  of  the  corresponding  bulk  parameters 
of  the  two  materials  on  either  side  of  the  interface. 
The  infinite  set  of  equations  obtained  in  this  man¬ 
ner  may  be  truncated  using  the  boundary  condition 
that  the  envelope  functions  vanish  at  sufficient  dis¬ 
tances  into  barriers  on  either  side. 

We  model  electron  transport  across  an  interface 
by  studying  the  time  evolution  of  the  wavepacket 

V>(r,0)  =  J-dk,  A{kx)  V»»(k,r)  (9) 


where  A(k ,)  is  an  envelope  function  in  k-space, 
peaked  at  wavevector  k0.  Such  a  wavepacket  moves 
in  the  bulk  material  with  the  group  velocity  at  k0: 


_  1  dEn{  kg) 
h  dkz 


(10) 


Thus  tight-binding  form  of  the  above  wavepacket  is: 
V>(r,  0)  =  £  £  c' (m,  0)  £  cikl,R"  £„(r— [R„-frm]) 

mu  n 

(11) 

where 

<(m,0)  =  J  dk ,  A{k.)  cn,„(k)  (12) 

The  transport  properties  of  electrons  across  the  in¬ 
terface  is  determined  by  studying  the  time  evolution 
of  this  wavepacket. 


Ill  Time  Evolution  of  Multi¬ 
band  Wavepackets 

For  a  scalar  Schroedinger  equation,  the  time  evolu¬ 
tion  of  a  wavepacket  in  a  time- independent  potential 
is  known  to  be: 


The  details  of  solving  this  equation  by  discretising 
the  time  interval  of  interest  into  infinitesimal  steps 
6t  are  given  in  Ref.  [6).  For  6t  sufficiently  small,  we 
can  approximate 

exp (—iII6t/h)  «  1  —  iHSt/h  (14) 


However,  this  approximation  is  not  unitary,  and 
probability  is  not  conserved.  A  better  approxima¬ 
tion  which  is  unitary  and  also  second  order  accurate 
in  St,  is  the  Cayley  form: 


exp  (—iHSt/h) 


1  -  ill  St  12% 
1  +  iHSt/2% 


(15) 


A  numerically  stable  implicit  form  of  the  above 
equation  is: 


(1  +  iH6t/2h)rl>(r,t  +  St)  -  (1  -  iH6t/2h)i(,(r,t) 

(ifi) 

We  have  extended  this  procedure  to  the  multi¬ 
band  tight-binding  Hamiltonian.  Using  the  tight- 
binding  wavefunction,  and  taking  scalar  product  on 
both  sides  of  above  equation  with  £„(r-[R;+ rP]),  we 
obtain  simultaneous  equations  at  each  time  step  for 
the  coefficients  c„(p ,  t  +  St),  in  terms  of  c„(p,  0>  and 
the  bulk  tight-binding  parameters.  To  reduce  the  re¬ 
sulting  infinite  set  of  equations  to  a  finite  number,  it 
is  necessary  to  maintain  the  boundary  condition  of 
the  wavefunction  vanishing  at  the  edges  of  the  sim¬ 
ulation  region.  It  is  therefore  necessary  to  choose 
a  simulation  region  that  is  long  enough  not  to  in¬ 
troduce  spurious  wave  reflections  during  the  initial 
time  evolution. 

Assuming  that  the  tunneling  escape  of  carriers 
can  be  described  by  an  exponential  decay  law,  tun¬ 
neling  times  r  are  obtained  from  the  initial  decay 
rate  of  probability  in  the  starting  well: 


m 

( AP/Al ) 


(17) 


IV  Results  and  Conclusion 


We  examine  the  escape  of  the  quasibound,  ground 
state  electron  wavepacket  from  an  56  A  (30  mono- 
layer)  GaAs  well  through  direct  and  indirect  Al- 
GaAs  barriers  (Alo.3Gao.7As  barrier  for  the  direct 
case,  and  Alo.6Gao.4As  barrier  for  the  indirect  case). 
The  on-site  tight-binding  parameters  adjusted  to 
give  a  T— T  conduction  band  discontinuity  of  0.25  e\ 
for  the  direct  barrier,  and  0.5  eV  for  the  indirect 
barrier,  yielding  0.23  eV  F  —  A'  separation  in  the 
indirect  barrier.  The  character  of  the  cell  periodic 


*(r,t)  =  e"iW,'V(r,0) 


(13) 
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part  of  the  Bloch  function  is  found  to  be  critical 
in  the  tunneling  process.  The  wavepacket  emerges 
rapidly  through  the  direct  barrier,  but  much  more 
slowly  through  an  indirect  barrier  of  the  same  width 
even  though  the  X  barrier  height  of  0.23  eV  is  nearly 
equal  to  the  direct  barrier  height.  The  process  con¬ 
sidered  here  is  quite  similar  to  nuclear  alpha  decay, 
and  we  can  obtain  an  estimate  for  r  based  on  single¬ 
band  effective  mass  theory  and  the  WKB  approxi¬ 
mation  [5],  as  r  =  (uT)~l ,  where  v  is  the  frequency 
of  electron  collisions  with  the  barrier,  and  T  the 
transmission  coefficient  through  the  barrier.  We  use 
the  expressions 


and 

T  =  exp 


J*  dz  yj2 mbl(V„  -E,-  Fz) 


(19) 


where  rnwi(mt,i)  is  the  longitudinal  effective  mass  in 
the  well  (barrier),  Lw(Lb)  is  the  width  of  the  well 
(barrier),  V),  the  barrier  height  and  Ei  the  energy  of 
longitudinal  motion  in  the  well, 

E‘  =  ^kl  +  kD  (20) 

with  E  being  the  energy  of  the  quasibound  state 
measured  with  respect  to  the  bottom  of  the  con¬ 
duction  band  in  bulk  GaAs,  and  mwt  the  transverse 
effective  mass. 

The  tunneling  time  obtained  from  our  model  is 
compared  with  the  WKB  estimate  based  on  the  T 
barrier  minimum,  for  varying  electric  field  strengths 
and  barrier  thicknesses  in  Fig.  1  and  Fig.  2,  respec¬ 
tively.  We  see  good  agreement  between  the  WKB 
estimate  and  our  more  complete  model  for  direct 
barriers.  Single  band  effective  mass  theory  works 
well  for  this  case  since  the  conduction  band  mini¬ 
mum  is  at  T  in  both  well  and  barrier,  and  nature  of 
Bloch  functions  in  the  two  regions  are  compatible. 
But  neither  the  V  nor  the  A'  barrier  heights  pro¬ 
vides  an  acceptable  WKB  fit  for  the  indirect  bar¬ 
rier.  Tunneling  in  indirect  barrier  is  also  strongly 
suppressed  as  compared  to  an  identical  direct  bar¬ 
rier.  The  dependence  of  indirect  barrier  tunneling 
on  electric  field  and  barrier  thickness  suggests  that 
it  is  primarily  the  ["-point  states  in  the  barrier  con¬ 
tributing  to  the  tunneling  process. 

Figure  3  depicts  the  transient  velocity  of 
a  T-electron  wavepacket  as  it  is  launched  from 
Alo.3Gao.7As  into  GaAs.  The  velocity  of  the  trans¬ 
mitted  wavepacket  (velocity  of  its  peak)  attains  a 


Electric  Field  (k\/cm) 


Figure  1:  Tunneling  time  dependence  on  electric 
field  for  tunneling  from  a  «  100  meV  quasibound 
ground  state  of  a  56  A  GaAs  well  through  42  A 
barriers  of  (a)  Alo.3Gao.7As,  and  (b)  Alo.6Gao.4As. 

steady  value  after  60  fsec.  This  steady  value  is  ex¬ 
actly  the  group  velocity  in  GaAs  as  obtained  from 
the  bandstructure  using  Eqn.  (10),  at  a  value  of  k, 
at  which  the  bulk  conduction  band  energy  is  equal 
to  the  mean  energy  of  the  incident  wavepacket, 
both  measured  with  respect  to  a  common  reference. 
The  mean  energy  of  the  incident  wavepacket  was 
103  meV  from  the  T-point  in  Alo.3Gao.7As).  Sim¬ 
ilarly,  Fig.  4  depicts  the  transient  velocity  of  an 
A-valley  electron  launched  from  Alo.6Gao.4As  into 
GaAs.  The  mean  energy  of  the  initial  wavepacket 
was  105  meV  with  respect  to  the  A-minimum  of 
Alo.6Gao.4As.  The  transient  time  is  found  to  be 
150  fsec  in  this  case.  Thus  electron  transport  be¬ 
comes  bulk-like  in  w  100  fsec  for  both  cases. 
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Figure  2:  Tunneling  time  dependence  on  har¬ 
rier  thickness  for  tunneling  from  a  w  100  meV 
quasibound  ground  state  of  a  56  A  GaAs  well 
at  15.0  kV/cm  through  (a)  Alo.3Gao.7As,  and 
(b)  Alo.eGao^As  barriers. 
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Figure  3:  Transient  group  velocity  of  a  T-electron 
wavepacket  launched  from  Al0.3Gao.7As  into  GaAs. 
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Figure  4:  Transient  group  velocity  of  an  A'-electron 
wavepacket  launched  from  Alo.6Ga0.iAs  into  GaAs. 
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Abstract 

The  strain  associated  with  intentionally  lattice- 
mismatched  (strained-layer)  heteroepitaxy  provides  a 
novel  method  for  tailoring  material  band  structure  to 
enhance  device  performance  through  optimization  of 
material  structure.  The  applications  of  strained-layer 
epitaxy  to  heterojunction  transistors  and  semiconductor 
lasers  are  presented. 


Introduction 

Progress  in  heterojunction  lasers  transistors  began  in 
the  (essentially)  lattice-matched  (Al,Ga)As/  GaAs 
compound  semiconductor  system  —  that  is,  in  a  system 
in  which  the  materials  in  their  bulk  crystalline  form  have 

lattice  constants  that  are  identical  to  -  0.3%. 
Unfortunately,  nature  provides  relatively  few  lattice- 
matched  compound-semiconductor  systems: 
(Al,Ga)As/GaAs,  (In,Ga)As/InP,  (In,Al)As/InP, 
(In,Ga)AsP/InP,  and  HgTe/CdTe.  To  expand  the 
number  of  heterojunction  systems  that  can  be  exploited 
to  fabricate  advanced  electronic  and  optoelectronic 
devices,  substantial  effort  has  recently  been  devoted  to 
understanding  the  heteroepitaxy  of  materials  which 
differ  in  the  lattice  spacings  of  their  bulk  crystals.  As  a 
result,  this  field  of  lattice-mismatched,  or  strained-layer, 
heteroepitaxy  has  produced  a  dramatic  increase  in  our 
understanding  of  the  mechanisms  for  the 
accommodation  of  lattice  mismatch,  strain-tailoring  of 
material  band  structures,  and  the  stability  of  strained- 
layer  structures. 

Five  major  mechanisms  that  allow  the  accommodation 
of  lattice  mismatch  have  been  experimentally  observed. 


In  Fig.  1  we  illustrate  these  mechanisms:  dislocation 
generation  at  the  heteroepitaxial  interface  [1,  2]; 
coherent  epitaxy  [3]  (accommodation  of  the  lattice 
mismatch  by  distortion  of  the  epitaxial  layer):  metastable 
epitaxy  [4]  (distortion  of  the  epitaxial  layer  with  only  a 
fraction  of  the  strain  energy  in  excess  of  that  allowed  by 
equilibrium  thermodynamics  being  relieved  by 
dislocations);  bending  of  the  epitaxial  layer  [5];  and  tilt 
of  the  lattices  with  respect  to  each  other  [6].  However, 
not  all  of  these  mechanisms  are  compatible  with  device 
optimization.  It  was  the  critical  insight  of  Obsoum  [7] 
in  1983  that  the  strain  associated  with  strained-layer, 
coherent  epitaxy  could  be  exploited  to  tailor  material 
band  structures,  and  thus  provide  an  extra  degree  of 
freedom  to  optimize  device  performance  in  dislocation- 
free  structures. 

Strained-Laver  Stability  Limits 

The  stability  of  lattice-mismatched  epitaxial  layers  is 
determined  by  the  competition  between  the  energy 
required  to  distort  epitaxial  layers  vs.  the  energy 
required  to  nucleate  the  dislocations  that  would  relieve 
the  lattice  strain.  This  simple  concept  still  causes 
considerable  confusion,  mainly  because  strained-layer 
growth  occurs  under  non-equilibrium  (kinetically 
controlled)  conditions.  Thus,  the  material  that  emerges 
from  the  growth  system  can  exceed  the  limits  set  by 
equilibrium  thermodynamics  by  as  much  as  an  order  of 
magnitude.  As  has  been  described  in  recent  reviews 
[1,8],  the  ultimate  stability  of  a  lattice-mismatched 
epitaxial  layer  can  best  be  determined  by  a  post-growth 
treatment  (implantation  and/or  annealing  at  elevated 
temperatures)  that  provides  sufficient  energy  to  the 
materials  to  drive  a  potentially  metastable  system  over 
any  kinetic  barriers  that  separate  its  equilibrium 
configuration  from  its  metastable  configuration. 
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Figure  1 .  Schematic  illustration  of  the  five  major  ways  to  accommodate  lattice  mismatch  in  heteroepitaxy, 
these  mechanisms  have  been  experimentally  observed  (refer  to  text). 


Confusion  also  arises  regarding  the  appropriate 
equations  to  apply  in  calculating  the  critical  thicknesses 
(thermodynamic  stability  limit).  Matthews  and 
Blakeslee,  in  their  pioneering  early  work  [9], 
determined  equations  appropriate  for  two  limiting  cases: 
either  a  single,  strained,  surface  epitaxial  layer  (single¬ 
kink  strain  relief  [8]),  or  a  strained  layer  in  an  infinitely 
repeating  superlattice  (the  double-kink  strain  relief  [8]). 
Although  well  described,  these  limiting  conditions  are 
rarely  seen  in  device  applications.  Instead,  most 
devices  contain  strained  layers  of  finite  thickness 
usually  capped  with  unstrained  surface  layers,  also  of 
finite  thicknesses.  These  more  commonly  encountered 
structures  were  examined  by  Tsao  and  Dodson  [10], 
who  discovered  that  the  stability  of  such  strained 
heteroepitaxial  layers  against  the  single-kink  strain-relief 
mechanism  could  be  accurately  predicted  by  evaluating 
an  equivalent  average  surface  strain  to  use  with  the 
Matthews  and  Blakeslee  equation  for  a  surface  strained 
layer.  The  equivalent  average  surface  strain  is  obtained 
by  summing  the  strain-thickness  product  for  each  of  the 
surface  layers  and  dividing  by  the  total  epitaxial  layer 
thickness.  This  Tsao-Dodson  procedure  determines  the 
stability  limits  for  most  device  structures,  as  long  as  the 


strained-layers  themselves  satisfied  the  typically  less 
demanding  double-kink  strain-relief  stability  criterion. 
For  structures  with  multiple  strained  layers,  this  process 
needs  to  be  repeated  to  examine  the  stability  of  each  of 
the  strained  layers  independently  [8].  It  is  only  the 
limiting  case  of  the  double-kink  stability  criteria  that 
determines  thermodynamic  stability  through  only  two 
parameters:  the  lattice  mismatch  and  layer  thickness. 
The  more  commonly  encountered  single-kink  stability 
limit  requires  knowledge  of  three  parameters:  the  lattice 
mismatch,  the  strained-layer  thickness,  and  the 
thickness  of  the  unstrained  surface  overlayer. 

As  an  example,  strained  epitaxial  layers  used  in  most 
device  applications  exploit  lattice  mismatch  of  =>  1%. 
Such  mismatch  would  be  found  for  an  epitaxial  layer  of 
lno.14Gao.86As  strained  to  match  the  in-plane  lattice 
spacing  of  a  GaAs  substrate,  or  for  an  epitaxial  layer  of 
Sio.76Geo.24  strained  to  match  the  in-plane  lattice 
spacing  of  a  Si  substrate.  The  maximum  thickness  of 
such  strained  layers,  as  set  by  the  double-kink  stability 
limit  is  23  nm.  If  such  layers  are  at  the  free  surface  of 
the  device  structure,  their  maximum  thicknesses  for 
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thermodynamic  stability  is  approximately  12  nm.  As 
unstrained  surface  material  is  grown  above  our  example 
strained  layer  of  1%  mismatch,  the  critical  thickness  as 
set  by  the  more-demanding  single-kink  limit  increases 
monotonically  from  the  12  nm  limit  to  the  23  nm  limit. 

Thermodynamic  stability  limits  become  important  only 
when  device  fabrication  or  device  operation  exposes  the 
structure  to  sufficient  energy  to  drive  the  material  from 
its  metastable  configuration.  For  example,  many 
devices,  such  as  heterojunction  field-effect  transistors 
[11],  can  be  fabricated  from  strained  layers  that  exceed 
thermodynamic  stability  limits  (i.e.,  metastable 
materials)  without  degrading  material  quality  or  device 
performance.  The  materials  properties  of  these 
metastable  devices  are  flat  degraded  during  fabrication 
precisely  because  they  require  only  low-temperature 
processing,  such  as  etching  and  alloying  of  ohmic 
con'acts.  The  kinetic  barrier  that  separates  metastable 
materials  from  their  strain-relieved  state  are  substantial. 
To  nucleate  strain-relieving  dislocations,  one  must 
break  atomic  bonds,  at  the  cost  of  eV/atom.  Such 
energies  are  not  encountered  during  normal  device 
operation,  and  thus  allow  metastable  devices  to  remain 
in  their  metastable,  as-grown  configurations 
indefinitely.  In  contrast,  processes  that  require  thermal 
annealing  at  temperatures  above  the  epitaxial  growth 
temperature,  such  as  implant  activation  anneals, 
intentional  compositional  disordering  of  quantum-well 
structures,  or  thermal  oxidation  of  SiGe  surface  layers, 
provide  sufficient  amounts  of  external  energy  to  the 
strained-layer  system  to  drive  metastable  materials  into 
their  equilibrium  (dislocated)  configuration.  If 
processes  requiring  elevated-temperature  annealing 
and/or  high-fiuence  ion  bombardment  are  required, 
materials  that  satisfy  the  thermodynamic  stability  limits 
must  be  used  in  the  device  structure. 

Strain  Fffgyts  qnJJI-Y  .StniK9Plu£lor  Hand 
structures 

As  previously  described,  mismatch  of  =  1%  can  be 
tolerated  by  layers  whose  thicknesses  are  on  the  order 
of  10  to  30  nm  -  the  range  over  which  quantum  size 
effects  become  important  in  determining  energy  levels 
of  the  strained  layers.  Quantum  size  effects  for  strained 
structures  have  been  demonstrated  to  have  important 
device  advantages  for  direct-bandgap  III- V 
semiconductors,  and  thus  will  form  the  basis  for  the 
following  discussion. 

Good  successes  in  predicting  the  electronic  structure 
and  optical  properties  of  strained  quantum  wells  has 
been  obtained  by  applying  a  two-band  envelope- 
function  model,  as  has  been  recently  demonstrated  by 
Fritz,  et  al.  [12].  This  model  includes  the  effects  of 
strain  through  deformation-potential  and  elasticity 
theory,  including  coupling  to  the  split-off  valence  band. 
This  -nodel  is  an  extension  of  Obsoum's  original  theory 


[7],  and  includes  empirically  derived  materials 
parameters.  Similar  treatments  have  already  been 
described  by  other  workers  [13-15]. 

The  direct  bandgap  III-V  semiconductors  of  interest 
have  the  valence-band  maxima  and  the  conduction-band 

minimum  at  the  center  of  the  Brillouin  (the  T  point). 
These  bands  consist  of  a  conduction  band  of  symmetry 
T6  with  a  two- fold  degeneracy,  a  four-fold  degenerate 

valence  band  of  symmetry  T8,  and  a  two-fold 
degenerate  valence  band  (the  split-off  band)  of 
symmetry  Tj,  which  is  separated  in  energy  from  the  T8 
valence  bands  due  to  the  spin-orbit  interaction.  As 
summarized  by  Bastard  [16],  it  is  most  convenient  to 
use  a  basis  in  which  the  total  angular  momentum  J  =  L 

+  a  and  its  projection  along  the  z  axis  are  diagonal,  due 
to  the  non-zero  spin-orbit  interaction.  This  results  in 
the  T6  conduction  band  having  IJ,mj>  components 

ll/2,l/2>;  the  degenerate  T8  valence  band  being 
characterized  by  one  l3/2,3/2>  band  and  one  13/2,  l/2> 
band,  and  the  split-off  band  Fj  being  characterized  by 
1 1/2,  l/2>. 

The  effects  of  biaxial  compression  on  <001>-oriented 
strained  layers  can  be  readily  understood  by  following 
the  process  schematically  illustrated  in  Fig.  2.  A  biaxial 
strain  is  identically  equal  to  a  hydrostatic  compression 
plus  an  opposing  uniaxial  strain.  The  hydrostatic 
component  does  not  alter  the  symmetry  of  the  original 
crystal;  thus,  its  effect  is  to  change  the  relative  positions 
of  the  conduction  and  valence  bands.  The  hydrostatic 
component  does  not  split  degenerate  energy  levels. 
Unfortunately,  empirical  deformation  potentials  can 
only  be  obtained  for  the  shift  of  the  band  gap  with 
pressure,  and  not  for  the  conduction  bands  and  valence 
bands  individually.  Good  fit  to  experiments  have  been 
obtained  [12]  in  the  absence  of  direct  results  by 
applying  the  theory  of  van  de  Walle  [17]  to  estimate  the 
pressure-induced  shift  of  each  of  the  conduction  or 
valence  bands.  In  contrast  to  the  hydrostatic 
component,  the  uniaxial  strain  component  lowers  the 
symmetry  of  the  crystal  from  that  of  unstrained  bulk 
material;  thus,  it  splits  degenerate  energy  levels  and 
further  repositions  the  energy  bands  of  the  strained 
material. 

Correct  treatment  of  the  bandgap  for  biaxially  strained 
material  requires  consideration  of  the  coupling  between 
the  13/2,  l/2>  valence  band  and  the  ll/2,l/2>  split-off 
band.  Convenient  formulas  that  include  the  coupling  to 
the  split-off  band  are  provided  by  Ji,  et  al.  [14]. 
Inclusion  of  this  coupling  is  particularly  important  for 
material  under  biaxial  tension  and/or  with  type  II 
(spatially  indirect)  offsets. 
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Fig.  2.  Illustration  of  the  effects  of  biaxial  compression  on  the  band  structure  of  direct-gap  III-V 
semiconductors.  Because  the  biaxial  compression  is  identically  equivalent  to  a  hydrostatic 
compression  with  an  opposing  uniaxial  strain,  one  can  intuitively  understand  the  shifts  in  the  band 
positions.  The  bands  are  labeled  both  by  their  symmetry  representation  and  also  by  their  total  spin 
components  IJ,mj>.  Shifts  produced  by  biaxial  tension  would  be  opposite  those  produced  by 
biaxial  compression. 


The  correct  band  states  form  the  basis  for  the  calculation 
of  the  quantum-confined  states  using  the  envelope- 
function  method  (e.g.,  [12,13,16]).  Remarkably,  this 
approach  has  proven  effective  even  for  the  calculation 
of  quantum-well  states  that  are  perturbed  by  a  single 
strained  monolayer  [18].  To  conclude  our  discussion, 
the  identical  equations  apply  to  the  calculation  of  shifts 
produced  by  biaxial  tension;  however,  since  the  sign  of 
the  strain  is  changed,  the  shifts  from  biaxial  tension  are 
opposite  those  produced  by  biaxial  compression. 

Experimental  results  demonstrate  that  a  direct  benefit  for 
a  strained  layer  under  biaxial  compression  is  that  the 
strain-split  13/2, l/2>  valence  band  features  a  reduced 
density  of  states  in  the  plane  normal  to  the  growth 
direction  (although  the  same  deformations  lead  to  a 
greater  density  of  states  for  the  13/2,  l/2>  along  the 
growth  direction).  Because  the  effective  mass  is  related 
to  the  density  of  states  per  unit  energy,  the  strained 
layer  under  biaxial  compression  sees  a  lower  transport 


effective  mass  along  directions  parallel  to  the  quantum 
well  [19].  This  reduced  hole  mass  is  of  interest  for 
improving  p-channel  heterojunction  transistors  and 
semiconductor  lasers,  as  is  described  below.  In 
contrast,  the  effect  of  the  strain  on  electron  masses  is 
substantially  smaller  [19]. 

When  strained  layers  are  grown  on  surfaces  that  differ 
from  the  <00 1>  orientation,  an  additional  effect  arises 
because  the  ni-V  semiconductors  are  piezoelectric.  The 
strain  distortion  of  the  layers  induces  electric  fields  in 
these  materials;  from  crystalline  symmetry,  these 
piezoelectric  fields  cancel  only  for  <001>-oriented 
strains.  For  other  crystalline  orientations  the 
piezoelectric  contribution  is  nonzero,  and  is  maximized 
for  <1 1  l>-oriented  layers.  The  piezoelectrically 
induced  fields  for  alternative  (non-<001>) 
crystallographic  orientations  lead  to  interesting 
possibilities  for  optical  modulators,  etc.  [20] 
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Device  Applications 

The  major  benefits  for  heterojunction  device 
performance  from  strained-layer  epitaxy  are  the 
flexibility  in  composition  made  possible  by  the  use  of 
lattice-mismatched  alloys,  splitting  of  degenerate 
valence  bands,  and  the  use  of  strain  as  well  as 
composition  to  tailor  bandgaps.  These  advantages  of 
strained-layer  epitaxy  are  demonstrated  by 
heterojunction-field-effect  transistors  (FETs)  and 
semiconductor  lasers. 

The  initial  application  of  strained- layer  epitaxy  to 
heterojunction  transistors  was  motivated  by  a  desire  to 
replace  the  GaAs  channel  in  n-channel,  MOdulation- 
Doped  Field-Effect  Transistors  (MODFETs)  with  a 
strained-layer  (In,Ga)As  channel  [21].  In  these 
devices,  the  compositional  flexibility  of  strained  layer 
epitaxy  allowed  the  use  of  a  deeper  quantum  well  of 
(ln,Ga)As  to  replace  the  wider  bandgap  GaAs  channels. 
Thus,  the  same  degree  of  quantum  confinement  in  these 
MODFETs  could  be  obtained  by  an  (In,Ga)As  channel 
with  barrier  layers  of  lower  A1  mole  fractions  in 
modulation  doping  region  than  was  possible  with 
GaAs-channel  MODFETs  with  higher  A1  mole  fractions 
in  the  modulation-doping  region.  The  use  of  lower  A1 
mole-fraction  material  in  the  modulation  doping  region 
eliminated  problems  with  DX  centers  that  occur  in 
higher-Al-mole-fraction,  (Al,Ga)As/GaAs  devices. 
These  DX  centers  are  responsible  for  persistent 
photoconductivity  and  degraded  transconductances  in 
the  unstrained  devices.  The  same  desire  to  obtain 
deeper  quantum  wells  for  heterojunction  FETs 
motivates  the  use  of  intentionally  lattice-mismatched 
(In,Ga)As  ternary  layers  to  improve  n-channel 
transistors  grown  over  InP  substrates  [22].  Most  of 
these  heterojunction  FETs  maximize  gate  control  over 
channel  current  by  minimizing  the  thickness  of 
unstrained  surface  material  between  the  gate  and  the 
quantum- well  channel,  and  thus  are  metastable  against 
the  single-kink  mechanism  [11].  Since  these  devices 
are  manufactured  using  mesa  isolation  and  alloyed 
contacts,  they  survive  the  fabrication  process,  and  as 
described  earlier,  do  not  degrade  during  operation. 

The  deeper  quantum  well  and  reduced  hole  mass  found 
in  strained  (Al,Ga)As/(In,Ga)As  quantum  wells  can 
also  improve  the  performance  of  p-channel,  field-effect 
transistors.  Transconductances  as  high  as  117  mS/mm 
have  been  demonstrated  in  self-aligned  p-channel 
(Al,Ga)As/(In,Ga)As  field-effect  transistors  with  1-p.m 
gate  lengths  [23],  By  combining  self-aligned  n- 
channel  and  p-channel  strained-layer  transistors, 
complementary  logic  circuits  have  been  demonstrated 
that  substantially  outperform  their  silicon-based 
counterparts  [24] . 

By  far  the  most  dramatic  impact  of  the  reduced  hole 
density  for  strained-layer  materials  is  observed  in  its 
effect  on  the  threshold  and  modulation  characteristics  of 
semiconductor  lasers.  In  those  devices,  the  reduction  in 
the  valence-band  density  of  states  that  characterizes 
biaxially  compressed  layers  has  led  to  reductions  in 
laser  threshold  currents  [25,  26,27]  by  approximately 


50%  compared  to  those  of  unstrained  alternatives  in 
similar  geometries.  The  reduced  valence-band  density 
of  states  also  improves  modulation  performance  [28]. 
Preliminary  studies  also  suggest  that  strained-quantum 
well  lasers  are  less  prone  to  catastrophic  degradation 
from  dark  line  defects,  perhaps  related  to  strain  effects 
on  dislocation  propagation. 

Summary 

This  paper  has  considered  the  limits  over  which  lattice- 
mismatched  (strained-layer)  heteroepitaxy  can  be 
applied  to  fabricate  electronic  and  optoelectronic 
devices,  and  has  described  the  conditions  under  which 
such  concerns  matter.  Improvements  in  device 
performance  brought  about  by  strained- layer  epitaxy 
have  been  presented  in  terms  of  the  effects  of  strain  on 
HI-V  compound-semiconductor  bandstructure. 
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Abstract 

Using  GaAs  epilayers  with  arsenic  precipitates  (GaAs.As)  as 
the  photoconductive  material  in  a  broad- band  optoelectronic 
tcral  I z  beam  system,  we  have  generated  and  detected  freely- 
propagating,  subpsec  electromagnetic  pulses.  The  As  precip¬ 
itates  occur  as  a  result  of  cpi-growth  at  250  C  followed  by  a 
600  C.  anneal,  yielding  a  high-quality,  epitaxial  matrix  essen¬ 
tially  free  of  point  defects. 

Using  GaAs  epilayers  with  arsenic  precipitates  (GaAs:As) 
[l]  as  the  photoconductive  material  in  a  complete,  broad¬ 
band  optoelectronic  terallz  beam  system[2],  we  have  gener¬ 
ated  and  detected  freely-propagating,  subpsec  electromagnetic 
pulses.  Our  results  indicate  that  the  photoconductive  re¬ 
sponse  of  the  GaAs:As  consists  of  an  ultrafast,  subpsec  tum 
on  time  followed  by  a  tum  olf  time  of  several  picoseconds. 
Both  the  transmitter's  and  receiver's  performances  are  domi¬ 
nated  by  the  leading  edge  (tum  on  time),  with  the  receiver 
working  effectively  in  an  "integrating  mode."  The  ultrafast 
tum  on  is  indistinguishable  from  that  of  cpi-GaAs  and  indi¬ 
cates  a  GaAs  matrix  that  is  essentially  free  of  point  defects. 
The  short  "effective"  carrier  lifetime  of  several  psec  is  consist¬ 
ent  with  rapture  by  the  embedded,  closcly-spi  ced  (about  20 
nm)  arsenic  precipitates.  This  behavior  is  contrasted  with  that 
of  materials  containing  a  uniform  distribution  of  recombina¬ 
tion  centers,  such  as  implanted  silicon-on-sapphire  or  un- 
annealed,  low-temperature  GaAs. 

The  prototypical  subpicosecond  material,  namely  im¬ 
planted  silicon-on-sapphire  (SOS),  achieves  short  carrier  life¬ 
times  via  high  defect  densities,  with  the  best  results  indicating 
a  full  photoconductive  response  pulse  of  about  0.6  psec  full- 
width-half-maximum  (I'WIIM).  GaAs  grown  by  MRU  at 
200-250“(’  (IT  GaAs)  is  characteristically  arsenic  rich  and 
also  contains  a  high  density  of  point  defects.  When  used  as 
the  photoconductive  material  in  a  transmission  line,  electrical 
pulse  launcher"  [3],  it  produced  an  electrical  pulse  width  of 
1.6  ps  and  a  large  improvement  in  signal  amplitude  over 
SOS-based  structures.  I  rom  these  early  results,  a  carrier  mo¬ 
bility  of  200cmJ/ volt -sec  was  inferred  for  this  type  of  GaAs. 
More  recently,  electrical  pulses  as  short  as  0.6  psec  have  been 
generated  on  coplanar  transmission  lines  with  this  material 
[4]. 


Under  proper  growth  and  annealing  conditions,  we  have 
found  that  the  excess  arsenic  in  UT  GaAs  will  coalesce  into 
arsenic  precipitates  (GaAs:As)  about  6  nm  in  diameter  with 
an  average  spacing  of  about  20  nm  [  1  ].  Since  there  is  is  some 
debate  as  to  the  microscopic  nature  of  GaAs  grown  at  low 
temperatures,  especially  regarding  the  distribution  of  excess 
As  in  the  films,  we  will  describe  the  preparation  of  samples 
used  in  this  work.  The  epilayers  used  here  were  grown  in  a 
Varian  GEN  II  MBE  system  on  two-inch  diameter,  liquid- 
encapsulated-Czochralski  (100)  GaAs  substrate.  The  epitaxial 
layers  consisted  of  0.75  pm  of  normal  GaAs  buffer  (grown  at 
600C)  followed  by  a  temperature  ramp  down  to  250C  over  the 
next  0.25  pm  of  growth,  and  1.0  pm  of  UT  GaAs  grown  at 
250C.  The  substrate  temperature  was  then  ramped  back  to 
600°C  during  the  growth  of  the  next  500A  of  GaAs,  and  the 
structure  was  capped  with  an  additional  1 00 A  of  undoped 
GaAs.  This  growth  was  followed  by  an  in-situ  anneal  for  one 
hour  at  600°C.  The  arsenic  source  used  throughout  the  epi- 
growth  and  post-annealing  steps  was  the  dymer  As2,  although 
we  have  found  that  using  an  As4  source  will  also  produce 
arsenic  precipitates.  Transmission  electron  microscopy  has 
confirmed  the  existence  of  these  precipitates  (roughly  6  nm 
average  diameter)  in  samples  grown  by  this  procedure. 

In  this  study,  we  compare  the  photoconductive  responses 
of  GaAs:As,  SOS  and  normal  GaAs  by  pairing  various  com¬ 
binations  of  devices  made  with  each  material  as  transmitter 
and  receiver  in  a  complete  measurement  system.  The 
photoconductive  response  of  SOS  is  known  to  be  a  pulse  with 
FWHM  of  0.6  psec,  and  having  a  fast  rise  time  of  roughly  200 
fsec  and  an  exponential  decay  with  a  time  constant  of  600  fsec. 
Normal  GaAs  also  has  an  extremely  fast  rise  time  of  approx¬ 
imately  200  fsec,  but  followed  by  a  long  fall  time  of  the  order 
of  100  psec  -  this  permits  its  use  as  a  transmitter  where  the 
resulting  electromagnetic  pulse  is  generated  by  the  leading 
edge  (derivative),  but  precludes  its  use  as  a  receiver  material. 
The  noise  in  the  full  receiver  circuit  is  proportional  to  the 
'ON'  time  of  the  photoconductive  switch,  and  for  GaAs'  on 
time  extended  response,  the  signal-to-noise  ratio  is  prohibi¬ 
tive.  The  devices  used  in  this  work  arc  identical  to  those  in 
Ref.  2,  with  the  substitution  of  GaAs:As  (with  Au:Gc:Ni 
contacts  and  antennae)  for  the  implanted  SOS.  The  patterned 
photoconductive  gaps  and  transmission  lines  had  spacings  of 
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5  and  30  microns,  respectively.  The  transmitter  is  biased  at  9 
volts  and  driven  with  70  fsec  optical  pulses  with  a  100  MHz. 
repetition  rate  and  coming  from  a  colliding-pulse,  mode- 
locked  dye  laser  to  generate  the  terahertz  pulse  radiation.  This 
radiation  is  then  focused  on  the  receiver  antenna  which  is  be¬ 
ing  gated  by  identical,  but  time-delayed,  photoexcitation 
pulses. 

We  find  that  the  GaAs:As  photoconductive  response  is 
intermediate  to  these  two,  namely  an  ultrafast  subpsec 
risetime  followed  by  a  relatively  slow  decay  of  several  psec. 
When  operated  as  a  transmitter,  the  leading  edge  gives  rise  to 
a  strong  electromagnetic  pulse.  Used  as  a  receiver,  the 
temporal  overlap  between  the  incident  terallz  pulse  which 
biases  the  gap  of  the  receiver  antenna  and  the  step-function 
photoconductive  response  uf  the  receiver  results  in  a  transfer 
of  charge  (current)  across  the  photoconductive  gap  propor¬ 
tional  to  the  negative  integral  of  the  electric  field  of  the  in¬ 
coming  subpsec  electromagnetic  pulse.  A  measured  pulse 
using  GaAs:As  as  both  the  transmitter  and  receiver  material, 
is  shown  in  Fig.  la,  while  its  amplitude  spectrum  is  given  in 
Fig.  lb.  The  FWIIM  of  the  integral  pulse  is  found  to  be  0.71 
psec,  which  can  be  compared  to  0.54  psec  for  sampling  mode 
measurements  using  ion-implanted  SOS  in  the  same  Tllz 
beam  system  [2].  An  important  difference,  however,  is  that 
the  measured  peak  signal  (current)  in  Fig.  1  is  more  than  5 
times  larger  than  that  obtained  from  the  all-SOS  system,  The 
comparison  of  different  photoconductive  materials  leads  to 
the  following  interesting  results.  First,  it  is  found  that  the 
substitution  of  intrinsic  GaAs  for  the  GaAsAs  transmitter 
produces  essentially  no  differences  in  the  measured  signal  with 
either  the  SOS  or  GaAsiAs  receiver.  This  confirms  that  the 


Figure  I  Measured  response  using  GaAsAs  as  both  trans¬ 
mitter  and  receiver  la  shows  the  negative  integral  of  the  Tllz 
pulse  incident  on  the  detector,  while  lb  shows  its  amplitude 
spectrum 


leading  edge  of  the  GaAs. As  response  is  indistinguishable 
from  that  of  GaAs.  The  fact  that  the  GaAs  and  GaAs. As 
transmitters  gave  the  same  signals  is  indicative  of  the  high 
quality  of  the  GaAs  matrix  in  the  low  temperature  material 
and  lack  of  mobility  degradation.  Second,  while  exact  num¬ 
bers  are  unclear,  it  is  certain  that  the  signal  strength  for  the 
GaAs:As  is  several  times  larger  than  for  SOS  for  both  the 
transmitter  and  receiver  sides,  resulting  in  the  above  factor  of 
5  between  the  all-GaAs:As  and  all-SOS  transceiver  configura¬ 
tions.  Third,  an  indirect  pulsewidth  comparison  was  made 
by  using  a  GaAs:As  transmitter  with  both  receivers  (GaAs:As 
and  SOS),  and  differentiating  the  GaAsiAs  receiver  results. 
The  resultant  pulseshapcs  yielded  minimum-maximum  differ¬ 
ences  of  0.58  psec  for  the  GaAs: As  receiver  and  0.65  psec  for 
the  SOS.  lastly,  by  comparing  noise  levels  in  the  GaAs:As 
and  SOS  receivers,  we  estimate  that  the  photoexcitation  decay 
in  the  GaAs:As  is  on  the  order  of  2  psec.  This  is  long  enough 
to  enable  an  integrating  mode  of  operation,  but  short  enough 
that  signal-to-noise  ratio  is  not  an  adverse  factor.  In  addition, 
this  time  constant  is  consistent  with  mediation  by  sparse  As 
clusters  rather  than  a  high  density  of  bulk  defects  (as  in  SOS). 

Due  to  system  configuration  differences,  it  is  difficult  to 
make  a  direct  comparison  with  other  TT  GaAs  work.  Our 
pulse  measurements  and  corroborating  Dl.TS  measurements 
indicate  that  the  quality  of  the  GaAs  matrix  in  GaAsiAs  ap¬ 
proaches  that  of  intrinsic  GaAs.  And  while  the  amplitude 
spectrum  of  the  measured  pulse  is  less  than  that  for  the  SOS 
sampling  detection  using  either  an  SOS  transmitter  or  a  GaAs 
transmitted 5],  this  is  expected  for  an  integral  measurement 
mode.  When  a  numerical  derivative  is  performed  on  the 
measured  integral  pulse  of  Fig.  la,  the  spectral  extent  of  the 
derivative  is  comparable  to  these  previous  systems. 

We  would  like  to  acknowledge  the  excellent  mask  and 
wafer  fabrication  by  Hoi  Chan  and  the  assistance  of  David 
Mclnturff.  Some  of  the  earlier  measurements  using  this  ma¬ 
terial  were  performed  by  Soren  Kciding.  l  he  work  done  at 
Purdue  University  was  partially  supported  by  the  Office  of 
Naval  Research  under  grant  #N00014-89-.l-|864. 
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Abstract 

We  have  applied  time-resolved  absorption  spectroscopy 
to  study  the  near-band-edge  carrier  dynamics  of  low- 
temperature-MBE-grown  GaAs,  in  order  to  directly 
observe  the  carrier  relaxation  and  lifetime  for  this 
material. 

Introduction 

MBE  growth  of  GaAs  is  normally  performed  at  a 
substrate  temperature  around  600  °C.  It  has  recently 
become  apparent,  however,  that  GaAs  grown  at  lower 
temperatures  (LT  GaAs)  has  some  very  interesting  and 
useful  properties.  The  material  was  first  grown  as  a 
buffer  layer  to  eliminate  backgating  in  GaAs 
MESFETs,  talcing  advantage  of  the  high  resistivity  of 
this  material  [1].  Subsequently  the  LT  GaAs  was 
investigated  as  a  photoconductive  detector,  where  a 
response  recovery  of  as  short  as  600  fs  was  observed 
[2].  The  high  breakdown  field  of  this  material  makes  it 
extremely  promising  for  high-speed  photoconductive 
switching  of  high  fields  [3].  The  promise  of  this 
material  for  fast  photoconductive  devices  has  motivated 
a  study  of  the  carrier  dynamics  in  LT  GaAs.  Gupta  et 
al.  [4]  have  investigated  the  time-resolved  reflectivity  of 
LT  GaAs  in  an  attempt  to  determine  the  carrier  lifetime. 
Their  sample  was  excited  and  probed  high  in  the 
conduction  band  (at  620  nm),  however,  so  interpretation 
of  the  result  as  the  carrier  lifetime  is  not  entirely 
straightforward.  It  is  much  more  straightforward  to 
interpret  absorption  spectra  in  terms  of  the  carrier 
distribution  functions,  so  we  have  performed  transient 
absorption  spectroscopy  of  the  band-edge  region  of  LT 
GaAs  to  determine  directly  both  the  carrier  relaxation 
and  lifetime. 


Experimental 

The  samples  consisted  of  nominally  1  pm  LT  GaAs, 
sandwiched  between  a  2.4 -pm  Alo.39Gao.6i  As  etch- 
stop  and  support  layer  and  a  100-A  GaAs  cap  layer. 
The  LT  layers  were  grown  at  nominal  temperature  from 
180  to  210  °C  for  a  fixed  arsenic  pressure  of  8  x  10~6 
Torr,  and  for  arsenic  pressures  of  4  x  10*6  to  1.5  x  10'^ 
Tore  for  a  fixed  temperature  of  200  °C.  The  etch  stop 
and  cap  layers  were  grown  at  normal  (600  °C) 
temperature.  The  sample  was  annealed  for  10  min.  at 
600  °C  after  growth.  The  substrate  was  removed  by  a 
selective  etch  to  allow  optical  absorption  spectroscopy 
on  the  LT  GaAs  layer. 

Femtosecond  continuum  pump-probe 
techniques  were  used  for  the  experiments.  The  laser 
system  was  similar  to  that  described  in  refs.  5  and  6.  It 
produced  amplified  100-fs,  10-pJ  pulses  at  2  kHz, 
which  were  used  to  generate  a  white  light  continuum  in 
an  0.5-mm  ethylene  glycol  jet  A  10-nm  wide  portion 
of  the  continuum  spectrum  centered  at  830  nm  was 
selected  and  amplified  to  pump  the  sample.  The 
injected  carrier  density  was  estimated  to  be  1017  cm‘3. 
The  probe  consisted  of  the  760-880  nm  portion  of  the 
continuum.  Prisms  were  used  to  compensate  for  the 
dispersion  in  the  continuum  pulse  so  that  the  entire 
probe  spectrum  arrived  at  the  sample  simultaneously 
(i.e.  within  100  fs).  Differential  transmission  (DTS) 
were  accumulated  on  an  OMA,  where 

DTS  -  —  =  T(PumP  on)  •  T(pump  off) 

T  T(pump  off) 

=  a^(fc+fh) 
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aoL  is  the  unperturbed  absorption  spectrum  and  fe,h  arc 
the  carrier  distribution  functions.  The  experiments  were 
performed  at  room  temperature. 

Results 

A  typical  time-resolved  DTS  for  probe  delays  of  -100  fs 
to  ->400  fs  is  shown  in  Fig.  1 .  It  is  interesting  to  note 
that  the  band  edge  is  at  860  nm  (1.442  eV),  which  is 
slightly  blue-shifted  from  the  normal  GaAs  band  edge 
(1 .42  eV).  We  interpret  this  shift  as  being  due  to  strain 
in  the  sample  arising  from  the  fact  that  excess  arsenic  is 
incorporated  into  the  LT  layer  during  growth 


760  780  800  820  840  860  880  900 
probe  wavelength  (nm) 


Figure  I.  Time-resolved  differential  absorption  spectra 
near  the  band  edge.  The  pump  pulse  is  centered  at  830 
nm. 


around  200  °C  [7],  The  initial  hole  burning  at  the 
pump  wavelength  due  to  preferential  state  filling  and  the 
fast  relaxation  to  the  band  edge  are  clearly  apparent,  as 
in  similar  experiments  on  normally  grown  GaAs  [8], 
An  additional  feature  of  interest  is  the  appearance  of  a 
peak  below  the  pump  energy  at  t  =  +100  fs  which  is 
due  to  LO-phonon  emission  from  the  initial 
nonequilibrium  electron  distribution.  This  phonon  peak 
is  generally  not  clearly  visible  in  spectra  of  normally- 
grown  GaAs.  The  increased  appearance  of  this  peak  in 
the  LT  material  is  likely  due  to  the  ultrafast  carrier 
lifetime.  Carrier  thermalization  has  occurred  in  about 
300  fs. 


The  carrier  lifetime  was  determined  by 
monitoring  the  amplitude  of  the  differential 
transmission  at  the  band  edge  (i.e.  860  nm).  A  typical 
decay  curve  is  shown  in  Fig.  2.  The  decay  curves  were 
fitted  using  least-squares  to  a  biexponential  decay.  This 
biexponential  behavior  is  consistent  with  previous 
reflectivity  and  photoconductivity  measurements  by 
other  groups  [2,4],  though  the  precise  lifetimes  are 
somewhat  different  due  in  all  likelihood  to  differences  in 
the  exact  growth  conditions  for  the  different  samples. 
These  absorption  measurements  have  the  advantage  that 
the  intraband  relaxation  dynamics  and  carrier  lifetime 
effects  are  clearly  resolved.  Typically  the  fast 
component  was  around  300  fs  and  the  slow  component 
was  around  1.5  ps  for  this  set  of  samples. 


Figure  2.  Decay  of  the  absorption  saturation  at  860 
nm.  The  dashed  line  is  a  fitted  biexponential  decay. 

A  simple  picture  of  the  mechanism  responsible 
for  the  high  resistivity  and  fast  carrier  lifetime  in  this 
material  has  been  proposed  [9],  It  has  been  shown  that 
the  effect  of  lowering  the  growth  temperature  is  to 
incorporate  excess  arsenic  into  the  GaAs  crystal  [7]. 
Upon  annealing,  the  excess  arsenic  forms  precipitates 
which  act  as  "buried”  Schottky  barriers  which  can 
capture  the  photoinjected  electrons  and  holes.  The 
density  of  these  precipitates  is  about  10^  cm'3,  as 
determined  by  TFM.  Thus  a  rough  estimate  of  the 
capture  cross  section  of  the  precipitates  may  then  be 
made  from  a=l/Nxv,  where  N  is  the  density,  x  is  the 
lifetime,  and  v  is  the  thermal  velocity.  This  yields  a 
cross  section  of  about  10"^  cm'^,  which  corresponds 
rather  closely  to  the  precipitate  cross-sectional  area. 

An  alternative  picture,  in  which  antisite  defects 
(Asca)  diat  remain  in  the  crystal  even  after  annealing 
are  responsible  for  the  fast  lifetime,  has  also  been 
considered  [10].  If  we  take  a  capture  cross  section 
typical  for  a  deep  level,  a=10"^  cm'2,  then  our 
experimental  lifetimes  could  be  explained  by  a  defect 
density  of  about  10^  cm'3.  This  density  is  not 
inconsistent  with  EPR  measurements  of  the  defect 
density  in  annealed  LT  GaAs  [7],  which  have  a 
sensitivity  limit  of  10^  cm"3.  DLTS  measurements, 
however,  have  been  performed  on  doped  samples  grown 
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and  annealed  under  very  similar  conditions  to  those  for 
our  (undoped)  samples  [1 1].  These  measurements  show 
no  observable  EL2-like  defects  at  the  experimental 
resolution  limit  (1014  cm*3).  Hole  traps  may  exist  at  a 
density  of  up  to  10^  cm*3.  The  low  defect  density  as 
determined  by  DLTS  indicates  that  our  results  are  more 
consistent  with  a  picture  where  arsenic  precipitates 
capture  both  the  electrons  and  holes.  Further  work, 
however,  is  necessary  to  confirm  the  precise  mechanism 
responsible  for  the  fast  lifetime. 

In  this  model,  the  shorter  carrier  lifetimes  (as 
required  for  many  optoelectronic  applications)  will  occur 
for  higher  excess  arsenic  incorporation  into  the  GaAs. 
When  the  excess  arsenic  composition  becomes  too 
high,  however,  the  GaAs  becomes  polycrystalline. 
Thus  the  optimal  range  of  MBE  parameters  yielding  fast 
optical  response  and  good  crystal  quality  is  quite 
narrow.  Our  experiments  were  intended  to  probe  the 
optical  response  for  a  series  of  samples  grown  near  the 
expected  optimal  parameters.  TEM  analysis  of  our 
samples  showed  in  fact  that  only  two  samples  were 
completely  crystalline:  one  grown  at  temperature  T=210 
and  arsenic  pressure  P=4  x  kH>,  and  the  other  at  T=200 
and  P=8  x  10A  The  other  samples  showed  that  the  LT 
layer  became  polycrystalline  after  several  hundred  nm 
growth.  As  expected,  the  precipitate  density  and  size 
increased  with  decreasing  growth  temperature,  and 
increased  with  increasing  arsenic  pressure.  The  crystal 
properties  as  a  function  of  growth  conditions  are  shown 
in  Table  1. 

The  carrier  lifetimes  (i.e.  the  fast  and  slow 
components  of  the  biexponential  fit  to  the  band-edge 
absorption  decay)  are  shown  in  Fig.  3  as  a  function  of 
growth  temperature,  and  in  Fig.  4  as  a  function  of 
arsenic  pressure.  All  of  the  samples  show  a 
subpicosecond  initial  decay,  and  a  "slow"  component  of 
around  a  picosecond.  As  expected,  the  decay  becomes 
somewhat  faster  for  lower  growth  temperature  (though 
the  dependence  is  rather  weak  over  the  temperature  range 
studied  here).  Surprisingly,  however,  the  lifetime 
increased  slightly  with  decreasing  arsenic  pressure, 


IX°Q 

EHgti 

thickness 

diameter 

180 

8  x  10'6 

320  nm 

4-55  nm 

190 

8  x  10'6 

320  nm 

50 

200 

8  x  lO’6 

490  nm 

25 

210 

8x  10*6 

all  (1pm) 

5 

200 

4x  lO*6 

all  (1pm) 

5 

200 

1.5  x  10-5 

415  nm 

25 

Table  I.  Thickness  of  the  crystalline  part  of  the  LT 
GaAs  layer  and  arsenic  precipitate  diameter  as  a  function 
of  substrate  temperature  and  arsenic  pressure,  as 
determined  by  TEM. 


175  180  185  190  195  200  205  210  215 
growth  temperature 

Figure  3.  Fast  (closed  circles)  and  slow  (open  squares) 
components  of  the  band  edge  decay  curves  for  samples 
grown  at  an  arsenic  pressure  of  8  x  10*^  Torr,  as  a 
function  of  substrate  temperature. 


Figure  4.  Fast  (closed  circles)  and  slow  (open  squares) 
components  of  the  band-edge  decay  curves  for  samples 
grown  at  200  °C  as  a  function  of  arsenic  pressure. 

despite  evidence  of  increasing  excess  arsenic  with 
increasing  pressure.  Nevertheless,  it  is  interesting  to 
note  that  two  of  the  samples  demonstrate  at  least  that  it 
is  possible  to  obtain  both  fast  optical  response  and  good 
crystalline  quality.  The  optimal  range  of  MBE 
parameters  over  which  both  fast  response  and  good 
crystallinity  may  be  obtained  is  evidently  quite  narrow. 

In  conclusion,  the  time-resolved  absorption 
spectrum  of  LT-grown  GaAs  pumped  near  the  band  edge 
shows  a  fast  (subpicosecond)  response  for  a  series  of 
samples  grown  near  200  °C.  We  have  observed  two 
samples  which  yield  both  fast  optical  response  and  good 
crystalline  quality.  Extensions  of  this  work  will 
include  probing  the  time-dependent  distribution 
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functions  that  occur  in  the  presence  of  a  very  high 
electric  field,  in  order  to  elucidate  the  actual  carrier 
dynamics  occurring  during  photoconductive  switching. 
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Abstract 

Oxygen  ion  and  proton  implanted  GaAs  photocon¬ 
ductive  (PC)  switches  which  can  be  used  for  on- 
wafer  characterization  of  GaAs  MMIC’s  have  been 
evaluated.  The  Oxygen  switch  performed  better  in 
terms  of  switch  sensitivity  and  bandwidth.  It  has 
been  used  to  measure  the  S-parameter  of  a  3  stage 
12  GHz  MM1C  amplifier.  A  good  agreement  be¬ 
tween  the  PC  sampling  technique  and  the  network 
analyzer  was  achieved  up  to  a  40  db  dynamic  range. 

Introduction 

On-wafer  characterization  of  MMIC’s  performed  by 
optoelectronic  techniques  such  as  photoconductive 
sampling  or  electro-optic  sampling  is  currently  inves¬ 
tigated  by  several  groups  [1,2].  For  photoconductive 
sampling,  pulse  generation  and/or  waveform  sam¬ 
pling  are  done  by  illuminating  a  photoconductive 
gap  with  short  laser  pulses.  In  order  to  integrate 
monolithically  the  photoconductive  gaps  and  the  de¬ 
vice  under  test,  the  gaps  have  to  be  fabricated  with 
a  technology  compatible  with  GaAs  MMIC’s  fabri¬ 
cation  technology  In  this  work,  we  characterized 
and  compared  two  such  MMIC  -compatible  photo¬ 
conductive  gaps  The  Si i  parameter  of  a  3  stage  12 
GHz  MMIC  amplifier  is  also  measured. 

For  the  photoconductive  sampling  technique, 
ultrafast  carrier  lifetime  in  the  gap  is  required.  A 


number  of  approaches  [3,4]  have  been  tried  to  re¬ 
duce  carrier  lifetime  and  achieve  a  higher  bandwidth 
-  sensitivity  product.  Radiation  damaged  material 
is  commonly  used  but  a  major  drawback  for  this 
approach  is  the  poor  sensitivity  due  to  reduced  mo¬ 
bility  and  reduced  number  of  carriers  reaching  the 
contacts.  An  O*  implanted  switch  [5,6]  has  been 
developed  to  improve  carrier  mobility.  This  pro¬ 
cess  is  compatible  with  TRW's  MMIC  fabrication 
process.  We  characterized  the  0+  implanted  GaAs 
switch  and  make  a  comparison  with  H+  implanted 
GaAs  switch.  We  also  achieve  a  good  agreement 
with  network  analyzer’s  52i  measurement  up  to  a 
40  db  dynamic  range. 

Experiment 

(i)  Device  preparation 

The  same  lithographic  mask  was  used  for  both  //  + 
and  0+  switches.  The  starting  material  is  2"  di¬ 
ameter  LEC  semi-insulating  GaAs  wafers.  For  both 
cases,  the  metal  contacts  are  formed  by  the  same 
process.  The  metal/GaAs  contacts  are  vacuum  de¬ 
posited  Cr/Au  patterned  by  lift-off.  Electric  plating 
was  also  used  to  improve  the  conductivity  of  mi¬ 
crostrip  line. 

The  H+  implantation  was  performed  at  three 
energies,  30  keV  with  a  dose  of  2  x  1014cm“2,  75  keV 
with  a  dose  of  5x  10Hcm-2,  and  120  keV  with  a  dose 
of  1015cm-2.  This  was  done  after  the  metal  contacts 
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were  formed  thus  the  contact  metal  prevented  any 
damage  to  the  GaAs  at  the  metal/GaAs  interface 
and  beneath  it.  No  annealing  was  done. 

The  0+  implantation  was  performed  at  two  en¬ 
ergies,  140  keV  with  a  dose  of  5  x  10ncm-2  and 
360  keV  with  a  dose  of  1.3  x  101Jem~2,  which  are 
the  same  as  for  the  TRW  oxygen  isolation  process. 
It  was  then  annealed  at  410°C  for  10  minutes  af¬ 
ter  implantation  to  reduce  defects.  All  these  were 
done  before  formation  of  the  metal  contact  to  allow 
on  wafer  optical  probing  to  be  included  in  the  TRW 
MM1C  fabrication  process. 

(ii)  Optical  measurement 

The  laser  system  is  a  Coherent  CW  Mode-locked 
Nd:YLF  laser  which  generates  SO  ps  pulses  at 
1.054  pm  with  a  76  MHz  repetition  rate.  The  output 
is  compressed  to  3  —  5  ps  by  a  fiber  pulse  compressor 
then  frequency  doubled  to  .527  pm  by  a  KTP  crys¬ 
tal.  About  4%  of  the  energy  of  the  green  pulses  is 
split  to  a  slow  Si  detector  for  normalizing  slow  vari¬ 
ations  in  laser  intensity.  The  data  is  then  collected 
using  the  standard  pump  -  probe  PC  sampling  tech¬ 
nique.  The  schematic  diagram  is  shown  in  Fig.  1. 

We  deliberately  extend  the  output  time  win¬ 
dow  to  2  ns  to  achieve  the  high  dynamic  range. 
Since  this  time  window  is  longer  than  the  time  de¬ 
lay  available  from  our  delay  line,  several  sets  of  data 
were  recorded  by  varying  the  fixed  delay  line.  Each 
data  set  is  then  compared  and  calibrated  with  that 
recorded  at  the  end  of  the  previous  data  set.  To  in¬ 
sure  the  reliability  of  connecting  data  points,  each 
data  set  has  j  of  its  points  overlap  with  the  previ¬ 
ous  measurement  The  data  is  shifted,  scaled,  and 
interpolated  to  produce  a  very  high  degree  of  coin¬ 
cidence  in  the  overlapping  regions.  Finally,  a  2  ns 
time  window  is  achieved. 


Due  to  dark  current  and  difference  of  sensitivity 
inherent  to  the  switches,  calibration  of  the  acquired 
data  is  necessary.  The  effect  of  dark  current  can 
easily  be  removed  by  choosing  a  new  zero  level  at 
the  beginning  of  the  sampled  signal.  The  switch 
sensitivity  is  measured  by  placing  a  1.4  KHz  signal 
with  100  mV  peak  voltage  on  the  microstrip  line, 
illuminating  the  switch,  and  measuring  the  response 
at  the  side  line  using  the  lock-in  amplifier.  Since  the 
photovoltaic  signal  of  the  switch  will  not  show  up 
in  the  AC  measurement,  using  an  AC  signal  source 
is  preferred  to  using  a  DC  source  and  chopping  the 
light  beam.  The  absence  of  the  photovoltaic  signal 
allows  a  more  accurate  measurement.  The  cross- 
correlated  data  at  the  input  and  output  ports  is  then 
calibrated  by  scaling  the  signals  proportionately  to 
the  sensitivity  of  the  respective  switches. 

The  electrical  waveforms  generated  by  the 
switches  were  measured  by  photoconductive  sam- 


Figure  2.  Cross-correlated  signal  for  0+  implanted 
switch  ( measured  by  pholoconductne  sampling).  The 
inset  shows  the  device  geometry.  I  and  b  indicate  the 
location  where  the  lock-tn  amplifier  and  bias  voltage 
were  connected. 


Figure  I.  Schematic  diagram  of  PC  sampling  set-up 
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pling  on  devices  comprised  of  four  gaps  (see  inset 
Fig.  2).  This  technique  yields  the  cross-correlation 
of  the  pulse  propagating  on  the  central  line  and  the 
sampling  gap  temporal  response. 

Results 

The  full  width  at  half  maximum  of  the  cross- 
correlated  response  of  the  0+  switch  as  shown  in 
Fig.  2  is  19  ps,  corresponding  to  a  14  ps  electrical 
pulse  width.  It  is  about  three  times  less  than  that  of 
the  H+  switch.  The  implantation  with  Oxygen  ions 
creates  deep  level  defects  which  serve  as  more  effi¬ 
cient  recombination  centers  than  the  defects  created 
by  proton  implantation. 

An  interesting  feature  is  the  negative  peak  close 
to  the  main  pulse  for  the  0+  switch.  This  negative 
signal  is  neither  a  reflection  from  the  two  ends  of  the 
microstrip  line  nor  from  the  backplane.  It  is  a  reflec¬ 
tion  from  the  interconnection  of  the  high  impedance 
(~  100  ft)  side  line  to  the  SMA  connector.  When 
the  reflected  pulse  returns  to  the  gap,  the  photoin- 
duced  conductivity  is  already  off  but  the  negative 
pulse  can  pass  through  the  gap  via  gc-p  capacitance. 
For  the  H+  switch,  the  carrier  lifetime  is  larger  than 
the  reflection  round  trip  time,  so  that  the  main  peak 
and  the  negative  reflection  result  in  a  sharpening  of 
trailing  edge  of  the  main  pulse.  There  is  also  a  slight 
sharpening  effect  on  the  0+  switch.  The  assumption 
that  the  reflection  is  due  to  the  high  impedance  side 
line  is  verified  by  putting  a  small  Indium  foil  on  the 
side  line  to  lower  its  characteristic  impedance  to  less 
than  50  ft.  As  expected,  the  negative  peak  becomes 
positive.  The  reflected  pulse  could  be  suppressed 
with  impedance  matched  side  line.  On  the  other 
hand,  a  mismatched  side  line  can  be  used  as  pulse 
forming  network  to  enhance  the  spectral  density  of 
the  generated  waveform  at  some  specific  frequency 
needed  for  a  device  characterization. 

Fig  3  shows  that  there  is  a  nonlinear  depen¬ 
dence  between  signal  peak  and  bias  voltage  in  the 
0+  implanted  switch  for  high  bias  fields.  This  effect 
is  not  present  in  the  implanted  switch  which 
has  severe  non-symmetric  behavior  for  positive  or 
negative  bias.  The  nonlinear  behavior  in  the  0+ 
switch  can  thus  not  be  attributed  to  Schottky  diode 
effect.  We  believe  that  it  is  due  to  impact  ioniza¬ 
tion  in  the  0+  switch  The  photon  energy  we  are 
using  is  about  2  eV,  which  is  above  the  band  gap 
energy,  so  the  generated  electrons  and  holes  have  ini¬ 
tial  kinetic  energy.  Once  the  carriers  kinetic  energy 
has  increased  to  some  threshold  (approximately  1.5 


Figure  3.  Signal  peak  vs.  Bias  (measured  by  sam¬ 
pling  scope  and  curve-fitted  by  least-square  method) 
(a)  0+  implanted  switch,  (b)  H+  implanted  switch. 


Figure  4-  Sampled  signal  vs.  Bias  voltage  for  the 
0+  switch.  The  data  points  art  curve  filled  with  a 
slope  one  straight  line  at  low  bias  voltage. 


times  the  bandgap  energy)  due  to  their  acceleration 
by  the  applied  field,  there  is  chance  that  impact  ion¬ 
ization  will  happen  [7].  For  the  H+  switch,  a  higher 
density  of  defect  clusters  are  spread  in  the  gap;  they 
reduce  the  mean  free  path  of  the  electrons  and  holes 
which  can  not  accumulate  enough  kinetic  energy  for 
impact  ionization. 

Fig.  4  shows  that  the  non-linear  response  of 
the  0+  switch  only  appears  after  a  bias  voltage  of 
2  Volt:  below  this  threshold  of  2  Volts  the  slope  is 
1  on  this  log-log  plot.  This  supports  the  argument 
that  the  non-linear  response  at  higher  voltage  is  due 
to  impact  ionization  since  this  phenomena  requires  a 
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threshold  kinetic  energy  for  carriers.  The  deviation 
from  slope  1  at  very  low  bias  is  due  to  the  photo¬ 
voltaic  effect  and  the  noise  in  the  measurement. 

The  results  shown  is  Figs.  3  and  4  indicate  that 
the  0+  switch  would  perform  well  both  as  a  gener¬ 
ating  gap  and  as  a  sampling  gap  in  a  device  char¬ 
acterization.  When  the  bias  is  increased  to  over  25 
V,  the  0+  switch  displays  a  higher  sensitivity  and 
a  shorter  pulse  width  compared  to  the  H+  switch. 
This  shows  the  superiority  of  the  O *  switch  over 
the  H+  switch  in  terms  of  the  bandwidth  -  sensitiv¬ 
ity  product.  The  O +  switch  is  capable  of  generating 
higher  and  shorter  pulses  than  the  H+  switch.  If 
the  0+  switch  is  used  as  a  waveform  sampling  gap 
in  a  device  characterization  experiment,  the  sampled 
signal  needs  to  depend  linearly  on  the  voltage  ampli¬ 
tude  on  the  line.  This  condition  is  fulfilled  since  the 
response  of  the  switch  is  linear  at  low  bias  voltages 
(less  than  2V)  typical  of  real  MM1C  measurements. 

It  is  also  observed  that  with  very  high  intensity 
(  pj  pulse  energy  on  10  pm  gap  with  10  ps  pulse 
width),  about  three  orders  of  magnitude  higher  than 
normally  used,  the  electrical  pulse  width  is  broad¬ 
ened  by  a  factor  of  two.  This  effect  is  due  to  satu¬ 
ration  of  the  defects  or  traps  in  the  gap.  Detailed 
relaxation  processes  are  still  to  be  elucidated. 

We  also  observe  slight  pulse  width  narrowing 
when  the  laser  power  is  reduced  at  the  30  V  bias. 


Figure  5.  The  cross-correlated  waveform  at  (a)  In¬ 
put,  (b)  Output. 


(b)  frequency  (GHz) 

Ftgure  6.  (a)  The  magnitude  of  Sn,  (b)  The  phase 
of  Si  1. 

This  might  be  due  to  sweep  out  effect .  With  lower 
laser  power,  less  electrons  and  holes  will  be  gener¬ 
ated,  the  field  in  the  gap  does  not  collapse  as  much 
and  it  can  sweep  out  the  charge  carriers. 

The  measured  waveforms  for  the  O +  switch  at  input 
and  output  ports  of  the  MMIC  are  shown  in  Fig.  5. 
The  Sgi  parameter  shown  in  Fig.  6  is  obtained  from 
the  ratio  of  the  Fourier  transform  of  output  wave¬ 
form  to  that  of  input  waveform.  The  optical  |Sjt  | 
shows  very  good  agreement  with  the  result  obtained 
by  a  network  analyzer.  Fig.  6  (b)  compares  the  opti¬ 
cal  and  microwave  measured  phase  of  5ji  .  The  slight 
difference  in  the  slope  of  the  two  curves  is  due  to  the 
difference  reference  planes  of  the  two  measurements. 

One  important  issue  which  has  been  overlooked 
is  the  limitation  of  the  dynamic  range  of  optoelec¬ 
tronic  sampling  technique.  We  use  a  simple  model 
to  explain  the  dynamic  range  limitation. 

Two  distinct  features  of  the  PC  sampling  mea¬ 
surements  are  evident  as  shown  in  Fig  7.  First, 
the  separation  of  the  peaks  of  the  ripples  is  approxi¬ 
mately  equal  to  the  inverse  of  the  length  of  the  time 
window  (T).  Second,  the  matching  dynamic  range 
increases  as  the  time  window  increases. 

These  observations  can  be  explained  by  the  fol¬ 
lowing  simple  model.  Let’s  consider  a  sine  wave  with 
period  to  measured  by  PC  sampling  with  a  time  win¬ 
dow  of  T.  The  measured  waveform  and  the  magni- 
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Ftgure  7.  Effect  of  time  windowing. 


time  (ns) 


frequency  (GHz) 
Figure  8.  (a)  Aft),  (b)  A(f). 


tude  of  its  Fourier  transform  can  be  expressed  as 
follows  : 


;  eleswhere. 


M(/)l  = 


sin(xfT)  t„ 

»  I  -Ptj 


First,  it  is  clear  from  Fig.  8  that  time  window¬ 
ing  generates  ripples  which  limits  the  dynamic  range. 
Second,  the  distance  between  two  minima  is  j,  and 
independent  of  to-  A  calculation  at  two  different 
time  windows  shows  that  dynamic  range  increases 
when  the  time  window  increases  (  At  5  GHz,  the 
amplitude  of  ripples  is  -25  db  for  T=1.I5  ns,  and 
-30  db  for  T=2  ns).  A  more  detailed  study  showed 
that  the  next  most  imporant  limitation  on  the  exper¬ 
imental  dynamic  range  comes  from  the  windowing  of 
the  input  temporary  waveform. 


Conclusion 

In  conclusion,  although  photoconductive  switches 
are  widely  used  in  optical  sampling  techniques,  the 
detailed  carrier  dynamics  inside  the  gap  is  still  wor¬ 
thy  of  further  investigation,  particularly  for  GaAs 
switches  compatible  with  MMIC  fabrication  pro¬ 
cesses.  We  report  impact  ionization  in  the  O +  im¬ 
planted  GaAs  photoconductive  switch,  and  the  sub¬ 
sequent  increase  in  sensitivity  of  that  switch.  Addi¬ 
tionally,  the  design  of  side  line  can  be  used  as  a  pulse 
forming  network  to  enhance  the  spectral  density  of 
the  generated  pulse  at  a  certain  specific  frequency 
in  the  millimeter  wave  range.  Both  switches  inves¬ 
tigated  can  be  integrated  monolithically  with  GaAs 
MMIC’s  allowing  for  on-wafer  measurements.  The 
speed  of  the  0+  switch  is  sufficient  for  S-parameter 
measurements  up  to  40  GHz  In  this  work,  a  40  db 
matching  dynamic  range  compare  to  network  ana¬ 
lyzer  has  tlso  been  achieved.  The  limitation  of  dy¬ 
namic  range  is  due  to  time  windowing  rather  than 
laser  noise. 
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The  optical  properties  of  GaAs  continue  to  attract 
interest  because  of  the  development  of  electro-optical 
and  all-optical  devices  made  of  III-V  semiconductors. 
The  study  of  ultrafast  changes  in  optical  constants  (both 
absorption  coefficient  and  refractive  index)  is  especially 
important  for  developing  high-speed  and  high-bit-rate 
devices.  The  recent  advent  of  femtosecond  lasers  has 
made  it  possible  to  observe  the  changes  of  optical 
constants  in  GaAs  on  a  femtosecond  time  scale  by 
injection  of  either  real  (1-51  or  virtual  [6]  carriers. 
These  measurements  provide  a  unique  tool  to  study  hot- 
carrier  relaxation  processes  and  various  hot-carrier  many- 
body  effects.  However,  most  effort  has  concentrated  on 
the  study  of  carrier- induced  changes  of  absorption 
(absorptive  nonlinearity).  The  transient  changes  of 
refractive  index  (refractive  or  dispersive  nonlinearity) 
could  only  be  deduced  from  a  Kramers-Kronig 
transformation  of  the  induced  changes  of  absorption 
over  the  entire  spectrum,  which  is  a  complicated 
procedure  especially  in  the  presence  of  strong 
nonlinearities  on  a  femtosecond  time  scale.  Since 
ultrafast  changes  of  the  refractive  index  are  very  useful 
for  the  design  of  devices  using  refractive  nonlinearities, 
which  have  the  advantage  of  low  loss  and  minimal 
thermal  effects,  direct  and  accurate  measurements  of 
these  changes  are  necessary. 

In  this  paper  we  present  results  of  direct 
femtosecond  spectroscopic  measurements  of  the  changes 
of  absorption  coefficient  (Aa)  and  especially  refractive 
index  (An)  due  to  injection  of  carriers  in  GaAs.  Our 
results  reveal  the  dynamics  of  hot-carrier  many-body 
interactions  and  bring  new  knowledge  on  the  physics  of 
hot-carrier  relaxation.  In  particular,  we  observe  large 


nonlinearities  on  a  femtosecond  time  scale  and  will 
discuss  their  potential  for  the  design  of  ultrafast  devices. 

Our  experiments  are  performed  at  room  temperature 
using  a  copper  vapor  laser  amplified  colliding  pulse 
mode-locked  dye  laser,  and  a  pump-probe  configuration 
described  in  earlier  publications  [5,7],  Carriers  with 
densities  (N)  from  1017  to  1019  cm'3  are  injected  by  a 
pump  pulse  (80-100  fs)  at  620  nm  (2  eV).  The  probe 
wavelength  is  tuned  between  550  nm  and  950  nm.  The 
time-resolved  transmission  (T)  and  reflection  (R)  are 
measured  simultaneously  on  intrinsic  0.3-pm -thick 
GaAs  films  grown  by  molecular  beam  epitaxy  and 
mounted  on  sapphire  windows  (5,7).  The  changes  of 
absorption  coefficient  (Aa)  and  refractive  index  (An)  are 
then  calculated  from  the  measured  T  and  R.  The  time- 
resolved  differential  reflection  (AR/R)  is  also  measured 
on  finely-polished  intrinsic,  n-type  and  p-type  bulk 
samples.  The  change  of  refractive  index  is  then  given 
by: 


where  no  is  the  unperturbed  refractive  index. 

Figure  I  (a) — (c)  displays  the  measured  spectrum  of 
An  at  different  time  delays  over  a  wide  wavelength 
region,  from  below  the  band  gap  to  above  2  eV'for 
N  ~  2-3  x  1018  cm'3.  The  curve  in  Fig.  1(c)  results 
from  a  simple  calculation  under  equilibrium  conditions 
[8],  Strong  nonlinearities,  which  cannot  be  described  by 
this  simple  theory,  appear  around  the  initial  excited 
states  and  the  band  edge.  Let  us  first  focus  on  the 
spectral  region  around  the  initial  excited  states. 
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Figure  1.  Measured  An  spectrum  at  different  time 
delays:  (a)  t  -  0+;  (b)  t  ~  200+  fs;  (c)  t  -  3+  ps  for  a 
carrier  density  2-3  x  1018  cm'3  injected  at  620  nm. 
■  are  the  average  values  for  both  intrinsic  thin  Films 
and  bulk  samples;  •  are  the  average  values  for  thin 
Films.  The  error  bars  are  obtained  from  the  standard 
deviation  of  the  measured  values  and  a  conservative 
estimate  of  the  uncertainty  in  carrier  density.  The  full 
line  in  (c)  is  obtained  from  a  calculation  of  Ref.  8  at 
N  =  3  x  1018  cm  3. 

Figure  2  shows  the  time-resolved  differential 
reflection  measured  on  an  intrinsic  bulk  sample  at  probe 
wavelengths  from  600  nm  to  700  nm.  The  data  at 
600  nm  and  620  nm  exhibit  a  short-lived  positive  spike 
right  after  carrier  injection,  whereas  the  data  at  680  nm 
and  700  nm  exhibit  a  negative  spike.  No  spike  is 


Delay  (ps) 

Z939 

Figure  2.  Time-resolved  differential  reflection  (AR/R) 
measured  on  an  intrinsic  bulk  GaAs  sample  using  probe 
wavelengths  from  600  to  700  nm  for  a  carrier  density 
2-3  x  1018  cm'3  injected  at  620  nm.  The  traces  are 
displayed  with  arbitrary  normalization  for  comparison. 


observed  at  650  nm.  The  presence  of  a  short-lived 
spectral  resonance  around  the  initial  excited  states  is 
clearly  demonstrated  in  Fig.  1(a)  and  Fig.  2.  We  call 
this  resonance  the  refractive-index  spectral  hole  burning, 
because  it  is  related  to  the  absorption  spectral  hole 
burning  observed  by  others  [1,3],  When  a  transient 
nonthcrmal  carrier  distribution  is  generated  by  the  pump 
pulse,  a  local  decrease  of  absorption  (hole)  around  the 
initial  excited  states  appears.  The  existence  of  a  spectral 
hole  in  the  imaginary  part  of  the  refractive  index 
(absorption)  causes  a  resonance  in  the  real  part  of  the 
refractive  index.  If  we  Fit  the  resonance  by  a  Lorentzian 
line  shape,  the  FWHM  is  -150-200  meV  and  the  peak 
is  near  650  nm,  not  at  620  nm,  a  result  confirmed  by 
our  induced  absorption  measurements.  Such  a  relatively 
large  spectral  width,  which  is  commensurate  with  the 
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result  of  another  absorption  spectral  hole  burning 
measurement  [3],  is  a  strong  evidence  that  carrier-carrier 
scattering  has  redistributed  electrons  through  the 
r  valley  within  the  pulse  width  at  this  carrier  density. 
The  origin  of  the  instantaneous  red  shift  of  the  induced 
absorption  saturation  (spectral  hole)  peak  is  still  under 
discussion.  Possible  contributions  come  from  band-gap 
renormalization  [9]  and  ultrafast  redistribution  of 
injected  holes  [10]. 

After  -200  fs  (without  deconvolution),  the 
resonance  disappears  because  electrons  leave  the  initial 
occupied  states  by  carrier-carrier  scattering,  carrier- 
phonon  scattering  and  intervalley  scattering.  The  similar 
gradual  rise  of  An  on  a  picosecond  time  scale  in  the 
580-700  nm  spectral  region  is  attributed  to  bandfilling, 
which  is  controlled  in  part  by  the  slow  return  of  carriers 
from  the  satellite  valleys.  The  lack  of  spectral 
dependence  in  this  region  is  expected  from  the  simple 
theory  derived  for  a  cold  plasma  [8].  However  the 
experimental  values  appear  to  be  larger  than  those 
obtained  tram  this  theory,  as  shown  in  Fig.  1(c), 
because  me  spin-off  transitions  which  monitor  the 
carrier  population  changes  closer  to  the  band  edge  are 
not  included  in  this  calculation  and  furthermore, 
thermaliz.'  tion  is  not  completed  in  -3  ps. 

We  »lso  investigate  the  refractive  index  spectral 
hole  burning  on  p-type  (Ndh  -  1.7  x  1018  cm  3)  and 
n-type  ~  1.3  x  1018  cm'3)  GaAs  samples  and 


compare  the  results  with  those  for  the  intrinsic  sample. 
The  spectral  resonance  is  similar  for  the  p-type,  n-type 
and  intrinsic  samples,  provided  that  the  injected  carrier 
density  is  greater  than  the  doping  level.  At  lower  carrier 
densities,  the  resonance  persists  in  the  p-type  sample 
but  is  strongly  reduced  in  the  n-type  sample.  Figure  3 
shows  the  measured  time-resolved  changes  of  the 
refractive  index  (An)  at  620  nm  for  different  samples 
with  an  injected  carrier  density  N  -  3  x  1017  cm  3.  The 
initial  scattering  time  (with  deconvolution)  is  nearly 
identical  in  intrinsic  and  p-type  samples  (-90  ±30  fs), 
but  is  about  a  factor  4  shorter  (-25  ±10  fs)  for  the 
n-type  sample.  This  extraordinarily  fast  initial  scattering 
time  in  the  presence  of  cold  but  nondegenerate  electrons 
is  attributed  to  relaxation  through  the  emission  of 
phonon-plasmon  coupled  modes  [1 1,12],  Ihe  estimated 
scattering  time  is  commensurate  with  the  result  of 
Petersen  et  al.  [12],  which  was  deduced  at  low 
temperature  and  with  carriers  injected  280  meV  above 
the  band  edge.  A  qualitatively  similar  difference  between 
the  scattering  times  of  intrinsic  and  p-type  samples  on 
the  one  hand,  and  of  n-type  samples  on  the  other  hand, 
was  also  observed  in  GaAs  quantum  wells  [9]  in  the 
presence  of  a  degenerate  plasma.  The  surprisingly  longer 
scattering  time  for  the  n-type  sample  at  N  >  Nae 
possibly  results  from  the  much  higher  plasma 
temperature. 

Figure  4  shows  the  measured  time-resolved  changes 
of  absorption  coefficient  (Aa)  at  580  nm  for  various 


Figure  3.  Time-resolved  An  measured  on  the  intrinsic  Delay 

Z1018 

( — ),  n-type  (--)  and  p-type  (••••)  samples  at  probe 


wavelength  620  nm  and  for  a  carrier  density  3  x  Figure  4.  Measured  lime-resolved  Aa  at  580  nm  for 

1017  cm'3.  All  three  curves  are  normalized  such  that  various  carrier  densities  N~:  (a)  1  x  1019  cm'3;  (b)  4  x 

the  rise  on  a  picosecond  time  scale  is  identical.  1018  cm'3;  (c)  1  x  1018cm3. 
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around  the  pump-pulse  excited  states  at  t  ~  0.  However, 
this  absorption  spectral  hole  (FWHM  -  150-200  meV) 
brings  a  transient  positive  spike  in  the  refractive  index 
at  580  nm  that  probes  the  states  -  140  meV  above  2  eV 
in  the  r  valley,  and  a  transient  negative  spike  at 
700  nm  that  probe  the  states  -  230  meV  below  2  eV  in 
the  T  valley,  according  to  the  Kramers-Kronig  relation. 
Therefore  the  refractive  nonlinearity  appears  more 
dispersed  than  the  absorptive  nonlinearity.  The  induced 
absorption  on  a  picosecond  time  scale  is  caused  by 
band-gap  renormalization  due  to  the  relatively  cold 
carriers,  which  are  gathered  near  the  band  edge. 

Let  us  now  discuss  the  nonlinearities  around  the 
band  edge.  Figure  5(a)  and  (b)  show  the  time-resolved 
changes  of  the  absorption  coefficient  (Aa)  and  refractive 
index  (An)  for  N  ~  2  x  1018  cm3  at  probe  wavelengths 
of  880,  890,  and  900  nm,  which  are  below  the  initial 
band-edge,  and  of  860  nm,  which  is  slightly  above  the 
initial  band  edge.  From  880  to  900  nm  there  is  an 
initial  increase  in  absorption  followed  by  a  decrease  in 
absorption,  whereas  a  monotonic  decrease  in  absorption 
is  observed  at  860  nm.  On  the  other  hand.  An  shows  a 
sharp  initial  decrease,  followed  by  a  much  slower 
variation,  at  all  wavelengths. 

When  electrons  and  holes  arc  injected  in  the 
conduction  and  valence  bands,  they  form  a  quantum 
mechanical  many-body  system  which  can  be  described 
adequately  only  by  comprehensive  theories.  The 
microscopic  origin  of  the  room-temperature  near  band- 
edge  optical  nonlinearitics  in  GaAs  has  been  studied 
under  quasi-equilibrium  condition  and  explained  in  terms 
of  various  many-body  effects  such  as  band-gap 
renormalization,  plasma  screening  of  electron-hole 
interactions  and  band  filling  [13],  Figure  6  shows  the 
calculated  absorption  spectrum  (from  Ref.  13)  around 
the  band  edge  under  different  assumptions.  Comparison 
of  those  curves  with  our  data  shown  in  Fig.  5  support 
the  following  conclusions:  The  induced  absorption 
observed  right  after  carrier  excitation  at  wavelengths 
below  the  original  band  edge  is  caused  by  band-gap 
renormalization  and  plasma  screening  of  electron-hole 
interactions  due  to  the  hot  carriers  injected  in  2  eV.  At 
860  nm,  the  large  negative  Aa  produced  by  plasma 
screening  offsets  the  small  positive  Aa  due  to  band-gap 
renormalization.  The  subsequent  decrease  of  absorption 
is  attributed  to  band  filling.  On  the  other  hand,  the  fast 
negative  changes  of  refractive  index  are  caused  by 
plasma  screening  of  Sommcrfcld  continuum  stales,  also 
predicted  by  the  theory  of  Ref,  13.  The  subsequent 
slower  decrease  is  mainly  attributed  to  band  filling 


(a) 


Delay  (ps) 

(b) 


Delay  <P») 

Figure  5.  Measured  time-resolved  Aa  (a)  and  An  (b)  for 
a  carrier  density  ~2  x  1018  cm'3  injected  at  620  nm. 
The  probe  wavelengths  are:  (1)  860  nm,  (2)  880  nm, 
(3)  890  nm,  (4)  900  nm. 

(8,13].  Even  though  the  theory  derived  for  a  cold  plasma 
shows  a  good  qualitative  agreement  with  cur 
femtosecond  measurements,  it  docs  not  provide  a 
quantitative  fit  to  our  results  obtained  at  t  -  0+  or  t  ~ 
3+  ps.  as  shown  in  Fig.  7.  The  discrepancy  can  be 
traced  to  the  difference  between  many-body  effects  due  to 
hot  and  cold  carriers. 

Our  measurement  of  femtosecond  optical 
nonlinearities  around  the  band  edge  at  different  injected 
carrier  densities  (5,14}  also  bring  new  knowledge  on 
hot-carrier  relaxation  processes.  In  particular,  we  find 
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Figure  6.  Theoretical  calculations  of  the  absorption 
coefficient  (a)  around  the  band-edge  from  Ref.  13: 
(1)  N  =  1015  cm'3;  (2)  N  =  1.5  x  1018  cm'3,  with 
band-gap  renormalization  and  plasma  screening,  but 
without  band  filling;  (3)  N  =  1.5  x  1018  cm'3,  with 
band-gap  renormalization,  plasma  screening,  and  band 
filling. 


Figure  7.  Changes  of  the  absorption  coefficient  (Aa) 
around  the  band-edge,  o  and  •  are  the  experimental  data 
obtained  at  t  ~  0+  and  t  -  3+  ps  for  N  ~  2  x  10* 8  cm  3. 
The  full  curve  is  the  theoretical  calculation  of  Ref.  13 
for  N  =  1.5  x  1018  cm'3,  (a)  with  band-gap 
renormalization  and  plasma  screening,  but  without  band 
filling:  (b)  with  band-gap  renormalization,  plasma 
screening  and  band  filling. 


that  gain  occurs  in  less  than  1  ps  in  a  range  of 
wavelengths  around  the  band-edge  provided  that  the 
injected  carrier  density  is  larger  than  ~3  x  1018  cm'3, 
and  that  the  time  to  reach  gain  is  reduced  to  -300  fs  for 
our  highest  carrier  density  (N  <  1019  cm'3).  This 
observation  is  a  strong  evidence  for  ultrafast  band-gap 
renormalization  and  also  reveals  the  importance  of 
carrier-carrier  scattering  and  intervalley  scattering  [  14], 

Hot-carrier  many-body  effects  in  quantum  wells 
have  been  extensively  studied  [15-17].  Both 
experimental  measurements  [15,16]  and  theoretical 
calculations  [17]  have  shown  that  the  effect  of  plasma 
screening  of  excitons  is  relatively  weak  in  the  two- 
dimensional  electron-hole  system.  The  term  "screening" 
has  been  generally  used  to  describe  the  effect  of  free 
carriers  on  the  excitonic  absorption  spectrum,  but  here 
we  only  use  it  to  refer  to  classical  screening  due  to  the 
long-range  Coulomb  interaction  [17].  In  that  case, 
exciton  bleaching  is  more  strongly  governed  by  K-space 
filling  and  short-range  exchange  effects,  resulting  from 
Pauli  exclusion  principle.  Since  hot  carriers  occupy  few 
Bloch  states  with  which  excitons  (or  continuum  states 
for  intrinsic  GaAs  at  room  temperature)  are  formed, 
those  K-space  effects  due  to  hot  carriers  should  be 
negligible.  Our  measurement  shows  that  strong  hot- 
plasma  screening  of  electron-hole  interactions  in  bulk 
GaAs  is  really  instantaneous  within  our  time- 
resolution,  a  result  consistent  with  an  earlier 
measurement  by  Shank  et  at.  [18]  at  low  temperature 
and  with  0.5  ps  time  resolution. 

It  is  interesting  to  note  that  large  changes  (>10'2) 
of  the  refractive  index  are  observed  around  the  band  edge 
on  a  subpicosecond  time  scale.  These  changes,  which 
are  comparable  to  those  obtained  from  cw  measurements 
[8,13],  are  suostantially  larger  than  the  changes 
produced  by  the  Pockels  or  Franz-Keldysh  effects  at  a 
field  strength  of  105  V/cm  [19].  An  all-optical  logic 
gate  with  1  ps  swilch-on  time  [20]  at  room  temperature 
was  demonstrated  in  GaAs-AlGaAs  quantum  wells  by 
using  real  carrier-induced  nonlinearities.  Since  the 
change  of  refractive  index  per  electron-hole  pair  is  only 
about  a  factor  2-3  larger  in  quantum  wells  (mainly  due 
to  exciton  bleaching  by  K-space  filling)  than  in  bulk 
GaAs  (mainly  due  to  plasma  screening  and  band  filling) 
[21],  similar  performance  of  optical  bistable  devices 
using  bulk  GaAs  is  expected  [20].  Even  though  devices 
using  real-carrier-induced  nonlinearities  have  a  switch-on 
time  almost  as  short  as  devices  using  virtual-carrier- 
induced  nonlinearities  [22],  the  switch-off  time,  which 
sets  the  bit-rate,  is  much  longer  in  real-carrier-devices 
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Figure  8.  Measured  time-resolved  figure  of  merit  (F)  at 
890  nm  at  various  carrier  densities  N~:  (a)  5  x 
1018  cm  3;  (b)  2.5  x  1018  cm  3;  (c)  1  x  1018  cm  3. 


because  it  usually  takes  hundreds  of  picoseconds  to 
remove  the  earners. 

A  figure  of  merit  which  is  defined  as  F  =  AaX/An 
is  a  commonly  used  device  parameter.  When  IF1  <  1,  the 
phase  of  a  signal  beam  is  changed  more  quickly  than  its 
amplitude,  which  makes  a  device  based  on  the  refractive 
nonlinearity  attractive.  In  Fig.  8  we  plot  F  at  890  nm 
versus  time  delay  at  various  carrier  densities.  The  fact 
that  IF1  remains  smaller  than  1  from  hundreds  of 
femtoseconds  to  several  picoseconds  over  a  wide  range 
of  carrier  densities  implies  that  the  refractive  (dispersive) 
nonlinearity  is  dominant  at  this  wavelength.  In  fact,  at 
890  nm,  the  balance  among  band-gap  renormalization, 
plasma  screening  and  band  filling  makes  Aa  small,  but 
An  remains  large.  This  region  should  be  suitable  for  the 
design  of  devices  using  the  refractive  nonlinearity,  such 
as  phase  modulators. 

In  conclusion,  GaAs  exhibits  ultrafast  optical 
nonlinearities  when  real  carriers  are  injected  by 
ultrashort  laser  pulses.  Hot-carrier  many-body  effects 
such  as  band-gap  renormalization  and  plasma  screening 
of  electron-hole  interactions  have  similarities  and 
differences  with  those  for  a  cold  plasma.  The  first 
observation  of  the  refractive  index  spectral  hole  burning 
and  further  study  of  such  hole  burning  in  different  types 
of  samples  reveal  important  carrier  scattering  physics  in 
the  absence  and  presence  of  a  cold  plasma.  The  large  and 
ultrafast  refractive  nonlinearities  observed  around  the 
band-edge  are  suitable  for  device  applications. 
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INTRODUCTION 

Materials  developments  during  the  past  several  years  will  facilitate  the  realization 
of  promises  of  picosecond  electronics  with  superconductive  devices.  An  increasing 
number  of  groups  around  the  world  have  developed  the  capability  of  making  all¬ 
refractory  integrated  circuits  based  on  the  Nb-NbOxNb  Josephson  tunnel  junction, 
which  has  the  I-V  characteristic  shown  in  Fig.  la.  These  devices  have  excellent 


(a)  (b) 


Fig.  1  (a)  I-V  characteristic  for  a  tunnel  junction  suitable  for  voltage-state  Josephson 
logic,  (b)  I-V  characteristic  obtained  for  proximity  type  junctions  with  conducting  bar¬ 
riers.  These  are  suitable  for  current-state  logic. 

and  controllable  electrical  characteristics  and  are  stable  both  in  terms  of  shelf  life  and 
in  thermal  cycling.  Circuits  with  tens  of  thousands  of  logic  gates  have  been  made  and 
have  shown  remarkable  electrical  performance.  It  should  be  borne  in  mind  that  in 
complex  electronic  circuits  with  gates  that  switch  with  speeds  of  several  picoseconds, 
the  terminal  data  rates  are  on  the  nanosecond  scale  except  in  special  pipelined  situa¬ 
tions,  such  as  a  shift  register.  It  should  also  be  kept  in  mind  that  parasitics  limit 
switch  speeds.  While  the  niobium  Josephson  junctions  has  a  theoretical  limiting 
switching  speed  of  0.22  ps,  the  junction  capacitance  limits  the  speeds  realized  to  date 
to  slightly  more  than  1  ps. 
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Thin  films  of  high  temperature  oxide  superconductors  such  as  YBaCuO  have  been 
developed  very  well  during  the  past  three  years.  It  is  now  almost  routine  to  make  very 
high  quality  films  either  by  off-axis  sputtering  or  by  laser  ablation.  There  have  also 
been  a  number  of  realizations  of  Josephson  devices.  These  are  not  tunnel  junctions,  as 
in  the  case  of  the  niobium  technology,  but  are  so-called  proximity  effect  devices, 
which  have  a  normal  conducting  barrier  separating  the  superconductive  electrodes. 
They  have  an  I-V  characteristic  as  shown  in  Fig.  lb  rather  than  the  tunnel  junction 
characteristic  of  Fig.  la. 

In  this  paper  we  will  present  the  current  materials  situation  and  show  some  of  the 
circuits  that  can  be  realized  with  Josephson  switching  devices  having  one  of  the  I-V 
characteristics  in  Fig.  1.  These  include  such  signal  processing  devices  as  A/D  con¬ 
verters  and  shift  registers  and  a  variety  of  logic  and  memory  circuits.  The  circuits 
employ  either  voltage-states  or  current-states.  Either  type  can  be  made  with  the  tunnel 
junction  but  only  current-state  circuits  can  be  made  with  junctions  having  the  nonhys- 
teretic  I-V  characteristics  of  Fig.  lb. 

MATERIALS 

Early  work  on  Josephson  integrated  circuits  (notably,  in  the  IBM  mainframe  com¬ 
puter  project)  was  done  using  soft  metallic  superconductors  in  which  alloying  was  used 
to  make  the  materials  more  suitable.  The  achievable  control  of  device  characteristics 
and  stability  was  not  sufficient  for  large  scale  integration.  Many  years  had  been  spent 
unsuccessfully  trying  to  make  satisfactory  niobium  junctions  with  native  oxide  tunnel¬ 
ing  barriers.  The  development  of  the  ambient-oxidized-aluminum  barrier  in  the  early 
1980s  led  to  the  ability  to  make  excellent  junctions  with  small  spreads  of  critical 
currents  (maximum  zero-voltage  currents).  This  device  is  the  basis  for  all  existing 
integrated  circuit  work,  except  for  those  using  NbN. 

There  is  good  reason  to  want  NbN  with  its  15-16  K  transition  temperatures  for 
use  in  infrared  detectors  for  which  the  cryogenics  is  already  available.  The  low  power 
dissipation  of  the  Josephson  circuits  is  a  desirable  feature  of  signal  processing  circuits 
to  be  combined  with  the  infrared  detectors,  especially  in  arrays.  The  best  NbN  tunnel 
junctions  use  a  barrier  of  MgO,  which  must  be  deposited  rather  than  ambient-oxidized 
as  in  the  case  of  aluminum  used  in  the  niobium  junctions.  Since  it  must  be  deposited 
as  an  oxide,  thickness  (and  hence,  critical  current)  uniformity  cannot  be  achieved  as 
well  as  in  the  Nb-NbO^Nb  technology. 

The  most  highly  developed  of  the  oxide  superconductors  is  YBaCuO.  This 
material  is  highly  anisotropic  with  poor  conduction  along  its  c  axis  and  excellent  con¬ 
ducting  properties  along  its  a-b  planes.  Films  that  are  c-axis  oriented  would  serve  well 
for  interconnects  for  digital  devices.  Current  work  is  toward  developing  the  technol¬ 
ogy  to  make  controllable  Josephson  devices.  The  current  state  of  this  development 
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will  be  discussed.  Circuits  made  with  this  material  would  be  best  operated  at  no  more 
than  about  60  K. 

One  oxide  material  (BaKBiO)  recently  was  shown  to  be  usable  for  making 
Josephson  junctions.  It  also  has  the  advantage  of  being  isotropic.  Its  transition  tem¬ 
perature  is  only  about  30  K,  at  best,  but  this  would  allow  operation  at  15-20  K.  That 
greatly  relaxes  the  refrigeration  requirement  compared  with  the  4.2  K  used  for  Nb  cir¬ 
cuits  and  at  the  same  time  allows  use  of  the  voltage-state  circuit  concepts  developed 
for  the  low-temperature  circuits. 

CIRCUITS 

We  will  briefly  review  the  state  of  circuit  development,  picking  out  some  of  the 
fastest  circuits  that  have  either  been  actually  realized  or  proposed  and  simulated. 
These  will  include  the  microprocessor  circuits  developed  in  the  Fujitsu  Laboratories,  a 
memory  unit  developed  in  the  Electrotechnical  Laboratory  in  Japan,  some  recent 
flash-type  multi-gigahertz  A/D  concepts,  shift  register  designs  that  promise  clocking  at 
over  50  GHz,  and  families  of  digital  logic  based  on  current-state  circuits  that  promise 
speeds  higher  than  can  be  achieved  with  voltage-state  logic.  Some  of  the  devices 
mentioned  can  be  made  with  the  devices  available  in  high-temperature  superconduc¬ 
tors. 

For  more  details,  the  reader  is  referred  to  References  1  and  2. 


1.  T.  Van  Duzer,  "Superconductor  Electronic  Device  Applications,”  IEEE  J.  Quan¬ 
tum  Electronics,  vol.  25,  pp.  2365-2377,  November  1989. 

2.  T.  Van  Duzer,  "Superconductor  Electronics,"  to  appear  in  Cryogenics. 
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The  potential  total  transmission  bandwidth  of  current  single-mode  optical  fibers  in  the 
low-loss  wavelength  regions  near  1.3  pm  and  1.55  pm  approaches  50  THz.  In  order  to  explore 
t! 'is  enormous  capacity  for  the  transmission  and  distribution  of  future  broadband  services,  the 
lightwave  research  community  has  been  pushing  the  frontiers  of  high-speed  technology  to  data 
rates  well  beyond  10  Gb/s.  Long-distance  transmission  of  wavelength-multiplexed  channels  that 
run  at  multi-gigabit-pcr-second  rates  have  been  demonstrated  recently  using  erbium-doped  fiber 
amplifiers  as  analog  (non-regenerative)  repeater  amplifiers.  As  fiber  dispersion  may  become  the 
limiting  factor  that  sets  the  bit-rate-distance  product  of  a  long  regenerative  repeater  span 
containing  optical  amplifiers,  both  optical  and  electronic  means  for  equalizing  the  effects  of  fiber 
dispersion,  as  well  as  soliton  techniques,  are  being  investigated  for  operation  at  multi-gigabit- 
pcr-second  rates.  Thus  advances  in  device  technologies  and  in  transmission  techniques  not  only 
provide  enhancements  in  system  performance,  but  also  offer  alternatives  in  system 
implementation. 


265 


266 


Picosecond  Electronics  and  Optoelectronics 


This  talk  will  first  consider  transmission  limitations  imposed  by  optical  fiber  dispersion  and 
nonlinearities,  and  describe  various  methods  for  palliating  these  effects.  Next,  multiplexing 
techniques  that  enhance  transmission  capacity  will  be  compared  and  properties  of  erbium-doped 
fiber  amplifiers  that  are  relevant  to  high-capacity  transmission  will  be  reviewed.  Then,  soliton 
transmission  systems  that  show  potential  for  ultra-long-distance  (multi -megameters)  applications 
will  be  discussed.  Finally,  technology  choices  for  long-haul  applications  will  be  summarized. 
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Introduction 

The  use  of  bandgap  engineering  techniques  to  tailor  the  perpendicular  transport  characteristics  of 
layered  semiconductor  structures  has  resulted  in  a  variety  of  new  phenomena  and  devices  concepts 
[1].  In  particular  the  coherent  interaction  of  electron  waves  reflected  at  interfaces  gives  rise  to 
resonant  tunneling  effects  which  filter  electrons  of  certain  energy  through  the  structure.  A  structure 
specifically  designed  for  electron  energy  filtering  is  the  variably  spaced  superlattice  energy  filter 
(VSSEF)  in  which  the  quantized  states  in  adjacent  quantum  wells  become  aligned  under 
appropriate  bias  conditions  [2]. 

Device  structure 

The  photoconductive  device  discussed  here  is  based  on  intersubband  absorption  in  a 
GaAs/AlxGai_xAs  multiple  quantum  well  (MQW)  structure.  The  epitaxial  structure  is  shown  in 


Schematic  diagram  of  the  conduction  hand  potential  profile  with  an  applied  external 
hiav  voltage.  The  location  of  the  energy  levels  in  the  quantum  wells  and  the 
alignment  of  the  energy  levels  in  the  VSSEF  arc  illustrated 

Figure  1 .  Band  diagram  showing  the  epitaxial  structure  of  the  detector. 

Figure  1.  The  device  consists  of  a  total  of  30  quantum  wells,  78  A  wide,  separated  by  a  190  A 
wide  VSSEF-structure.  From  the  schematic  of  the  conduction  band  shown  in  Figure  2  the  principle 
of  operation  can  easily  be  understood.  Electrons  are  excited  from  the  ground  state  energy  level  Ej 
to  the  second  level  E2  by  infra-red  (IR)  radiation.  When  an  appropriate  bias  voltage  is  applied  to 
the  structure  the  energy  levels  in  the  VSSEF  are  aligned  with  the  energy  level  E2,  and  the  electrons 
can  tunnel  out  through  the  structure.  The  measured  photocurrent  will  hence  employ  a  resonance 
peak  at  an  appropriate  applied  electric  field  (=  50  kV/cm). 

The  MQW-structure  used  in  the  experiments  was  grown  by  molecular  beam  epitaxy  (MBE)  on  n- 
doped  GaAs  ( 100).  The  growth  rate  of  the  quantum  wells  were  calibrated  by  reflection  high  energy 
electron  diffraction  (RHEED)  oscillations  and  the  four  quantum  wells  in  each  VSSEF  were  17,  14, 
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Figure  3. 

Experimental  setup  and  illumination  principle. 


Figure  4. 

Detector  responsivity  as  a  function  of  detector 
voltage,  measured  at  temperatures  of  15  K  and 


50  K. 


11,  and  9  A  wide,  respectively.  The  AlxGai.xAs  barriers  (x  =  0.4)  were  all  28  A  wide.  Typical 
growth  rates  were  0.8  jim/h  for  GaAs.  In  the  center  of  each  of  the  78  A  wide  quantum  wells,  a  58 
A  thick  part  was  doped  with  Si. 


For  measurement  purposes,  individual  detector  elements  were  formed  by  etching  mesas,  90  (im  in 
diameter  and  2  pm  high.  The  detector  chip  was  cemented  to  a  copper  block  and  the  whole 
assembly  was  mounted  in  a  cryostat  for  low  temperature  measurements.  Figure  3  shows  a  single 
device  and  the  electrical  connections  for  the  experimental  set-up.  Conventional  bonding  techniques 
were  used  to  connect  the  device  to  the  bias  voltage  and  the  load  resistance.  This  type  of 
intersubband  absorption  is  only  sensitive  to  light  with  the  electric  field  polarized  parallel  to  the 
growth  direction.  In  order  to  maximize  both  the  component  of  the  light  with  the  right  polarization 
incident  on  the  device  and  the  illuminated  detector  area,  the  substrate  was  lapped  to  an  angle  of  45', 
as  indicated  in  Figure  3. 


Experimental  results 

Measurements  were  performed  on  these  detector  elements,  using  a  CCVlaser,  with  a  total  output 
power  of  approximately  300  mW.  The  light  intensity  was  attenuated  to  give  approximately  5  mW 
incident  on  the  area  of  the  device.  In  order  to  obtain  good  sensitivity,  the  load  resistance,  Rl  was 
set  to  1  kQ.  To  avoid  excessive  dark  currents  the  bias  voltage  Vb  was  adjusted  to  give  detector 
voltages  V,j  below  7  V.  An  optical  chopper  and  lock-in  amplifier  were  used  to  monitor  the  changes 
in  the  photo-current  by  measuring  the  voltage  across  the  load  resistance. 

The  photocurrent  versus  bias  voltage  characteristics  recorded  at  two  different  temperatures  are 
shown  in  Figure  4.  For  these  measurements  the  C02-laser  was  tuned  to  a  wavelength  of  9.53  pm. 
Measurements  were  also  performed  for  several  wavelengths  in  the  interval  9.5  -  10.6  pm.  For 
wavelengths  longer  than  10.0  pm,  corresponding  to  the  separation  between  the  energy  levels  Ei 
and  E2,  the  photocurrent  response  drops  rapidly.  The  curves  in  Figure  4  show  a  clear  peak  at  a 
detector  bias  voltage  of  approximately  5.7  V.  This  peak  is  believed  to  be  due  to  alignment  of  the 
energy  levels  in  the  VSSEF.  At  higher  detector  voltages  the  responsivity  drops  rapidly  indicating  a 
high  negative  differential  resistance.  This  is  a  unique  feature  of  the  VSSEF  device  not  observed  in 
commonly  used  photo-detectors.  At  temperatures  of  50  K  or  less  the  resonance  peak  is  easily 
observed.  For  higher  temperatures  the  peak  is,  however,  smeared  out. 
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Conclusions 

We  have  observed  photon-assisted  resonant  tunneling  in  a  GaAs/AlGaAs  VSSEF-structure. 
Electrons  confined  in  the  quantum  wells  are  excited  to  the  second  state  by  intersubband  absorption 
of  incident  IR  radiation.  At  an  appropriate  applied  electric  field  the  electrons  can  then  tunnel 
through  the  VSSEF.  This  is  manifested  by  the  measured  peak  in  the  photo-current  at  a  detector 
voltage  of  5.7  V.  To  our  knowledge  this  is  the  first  time  this  effect  has  been  observed  and  it  could 
prove  useful  for  IR-detector  applications. 
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